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ABSTRACT

The isolation and mapping of DNA sequences which are amplified
in Methotrexate - resistant EL4/8 mouse cells is described. EL4/8 DNA,
partially digested with BamHI or Hindill, was cloned in the lambda
vector, EMBL3 and in the cosmid vector, pJB8, respectively. 22
different X clones, containing over 300kb of EL418 amplified
sequences, were, identif led and isolated by using a differential
screening method. These X clones were then used to select 98
cosmid clones potentially also containing EL4/8 amplified sequences.
The representation of amplified sequences in the cosmid clones was
analysed by comparing the band pattern produced after gel
electrophoresis of a mixture of Hindill-digested cosmid DNAs with
that of Hindill-digested total genomic EL4/8 DNA. The results
suggested that approximately one half of the EL4/8 amplified
sequences were represented in the cosmid clones isolated.
The EL4/8 DNA present in each cosmid clone was analysed by gel
electrophoresis following digestion with Hindill and with BamHI.
The restriction fragments produced in each case were sized using a
digital microdensitometer. Groups of cosmids containing common
restriction fragments were identified. These groups of related clones
were both edited and extended after analysis of the cloned sequences
by hybridisation with a selection of single-copy sequence probes.
These probes included a plasmid clone containing a cDNA to the dhfr
gene (pdhfrll). MIF-homologous sequences were also identified. The
results from the above analyses enabled 9 separate groups of cosmid
and lambda clones to be formed. The DNA present in each group was
mapped, to an extent which depended largely on the number of
overlapping clones identified in that group. In total, approximately
600kb of EL4/8 amplified DNA sequences were mapped.
The maps which were constructed showed that in several different
regions of DNA, alternative sequence arrangements were present. Some
of these structures must have been produced by intra- or interchromatid recombination during, or after, DNA amplification in EL4/8
Generally, the recombination events were found to have
cells.
occurred in regions of the DNA which contain repeated sequences. In
the largest group of clones, which spanned about 85kb of DNA and
which included the dhfr gene, a minimum of 3 alternative sequence
organisations was identified. One of the 3 arrangements was identical
to that found by others in a mouse sarcoma cell line and thus
probably represents the wild-type sequence arrangement. The other two
arrangements must represent ones formed during DNA amplification in
EL4/8 cells.
Two types of alternative structures for a given region of DNA
were found. In one type, the sequences characteristic of each.
structure were amplified to an equal extent in EL4/8 cells. In the
other type, the sequences of each variant were amplified to a
different level. These results suggested that at least two-rounds of
DNA amplification, followed by recombination, had occurred in EL4/8
cells.
Limited evidence was found for a gradient of amplified
sequences, such as might be expected if amplification occurs by
disproportionate replication from a single origin.
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ABBREVIATIONS
A

Adenine

Amp

Ampicillin

ATP

Adenosine triphosphate

bp

base pairs

BSA

Bovine Serum Albumin

°C

Degrees Celsius

C

Cytosine

CAD

Carbamyl-phosphate-synthetase, aspartate
transcarbamylase, dihydro-orotase: the multifunctional
protein that catalyses the first three steps of UMP
biosynthesis

cDNA

DNA complementary to messenger RNA

CHO

Chinese hamster ovary

Ci

Curie

Cot

Concentration (of DNA) multiplied by time (seconds)

Coti

The time at which half of the strands of DNA at a given
concentration will be reassociated to form duplexes

cpm

Counts per minute

dATP

Deoxyadenosine triphosphate

dCTP

Deoxycytosine triphosphate

dGTP

Deoxyguanosine triphosphate

dhfr

Dihydrofolate reductase

DNA

Deoxyribonucleic acid

DNase

Deoxyribonuclease

dm

Double-minute chromosome fragment

dpm

Disintegrations per minute

DDT

Dithiothreitol

dThP

Deoxythymidine monophosphate

dTTP

Deoxythymidine triphosphate

dUMP

Deoxyuridine monophosphate
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EDTA

Ethylenediaminetetra-acetic acid

EtBr

Ethidjum Bromide

EtOH

Ethanol

FACS

Fluorescence-activated cell sorter

FTL

Freeze-thaw lysate: a component of mixture for packaging
bacteriophage lambda DNA molecules

g

Gram

G

Guanine

3H

Tritium

HGPRT

Hypoxanthine-guanine phosphoribosyl transferase

HSR

Homogeneously staining region in trypsin-Giemsa banded
chromosome

K

One thousand

kb

Kilo base pairs

X

Lambda, as in bacteriophage lambda

M

Molar concentration

jig

Microgram

mg

Milligram

jjl

Microlitre

ml

Millilitre

jiM

Micromolar concentration

MM

Millimolar concentration

nN

Nanometre

mRNA

Messenger RNA

MTX

Methotrexate

OAc

Acetate

4SM

Bacteriophage storage medium

OD

Optical density

32

P

PALA

Isotope of phosphorous
N-(phophonacetyl)-L-asparate

PBS

Phosphate buffered saline

PEG

Polyethylene glycol

RNA

Ribonucleic Acid

RNase

Ribonuclease

rec

Gene encoding a protein involved in DNA recombination in
Escherjchja coil

red

Gene encoding a protein involved in DNA recombination in
bacteriophage lambda

rRNA

Ribosomal RNA

rpm

revolutions per minute

RT

Room temperature

SCE

Sister chromatid exchange

SDS

Sodium dodecyl sulphate

SE

Sonicated extract: a component of bacteriophage lambda DNA
packaging mixture

SET

Sodium chloride, EDTA, Tris

SSC

Standard saline citrate

SV40

Simian Virus 40

T

Thymidine

TCA

Trichloroacetic acid

TE

10mM Tris-HC1 pH7.5, 1mM EDTA

tk

Thymidine kinase

TPA

12-0-tetradecanoyl-phorbol-13-acetate: a tumour-promoting
agent

Tris

Tris(hydroxymethyl)aminomethane

tRNA

Transfer RNA

UV

Ultraviolet light

V

volume

V

Volts

W

Weight
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CHAPTER 1

INTRODUCTION

1.1. General

During the normal course of life of a cell, fluctuations in the
quantity of specific gene products may be required at different
times. Generally, the variance in demand for a specific product may
be met by the differential regulation of the processes of
transcription and translation. However, there are occasions,
occurring either naturally or by artificial imposition, on which a
sufficient quantity of a particular gene product cannot be produced
by increasing the rate of either, or both, transcription or
translation. On such occasions, an increase in the number of a
transcribed sequence provides an additional method whereby its
expression may be increased. This has been observed in a wide variety
-. of organisms, both during the course of development and during
exposure to a specific, selective agent. More recently, multiple
copies of cellular oncogenes have been found in some tumourigenic
cells.

The process by which copy multiplication is achieved has been
termed gene amplification. However, this term is a slightly
misleading description of the phenomenon found in many organisms,
since substantial amounts of DNA flanking the gene in question are
frequently co-amplified.

There are several reasons for wanting to understand the
mechanism(s) by which the amplification of DNA induced by selective
agents occurs. Clinical drug resistance has been observed in a number
of instances. Perhaps the most important and worrying aspect of
clinical drug resistance is that of cross-resistance to multiple
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drugs. Treatment of a patient with one drug may lead to their
subsequent resistance to not only that drug, but also to a range of
other drugs to which the patient has not previously been exposed. The
basis of clinically described drug resistance has, in some cases
(although not yet in the case of multidrug resistance), been shown to
be due to selective gene amplification.

Drug resistances, phenotypically similar to those observed in
clinical situations, may be selected in vitro in mammalian cells.
In such cellular systems, the most common mechanism of producing drug
resistance is by DNA amplification. Sequences may be amplified
which include the genes encoding the protein(s) to which the drugs
are targeted (as in, for example, resistance to Methotrexate).
Alternatively, amplification may result in the increased expression
of one, or more, membrane protein(s), which reduces drug uptake, or
increases the rate of drug efflux (as in, for example, multidrug
resistance).

Amplification of cellular oncogenes has been demonstrated for a
number of different tumour cells. This correlation suggests,
although does not prove, that the amplification of specific oncogenes
plays a role in the initiation, progression-or maintenance of the
transformed state. Reports that the level of DNA amplification
correlates with the degree of tumourigenicity (Gilbert et al, 1983)
and that DNA amplification is found more frequently in advanced than
in early stages of neuroblastoma (Brodeur et al, 1984), suggest
that the phenomenon of amplification in tumour cells is probably not
linked with the initiation of the transformed state. The observation
that such tumourigenic cells often share the chromosomal
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abnormalities associated with amplification in drug-resistant cells,
suggests that a similar mechanism for amplification may exist in
each system. In the case of malignant cells, however, the nature of
the selective agent inducing amplification is unclear.

Whilst the work described in this thesis is an approach towards
understanding DNA amplification in Methotrexate (MTX)-resistant mouse
cells, grown and selected in vitro, it is important to be aware of
the details of both developmental and selective DNA amplification in
prokaryotes and non-mammalian eukaryotes. Some examples of these are
discussed in section 1.3. The study of such systems provides
information about the types of DNA replication and recombination
which occur in vivo and may, therefore, help in understanding the
mechanism of DNA amplification in mammalian cells. The
characteristics of DNA amplification in a variety of mammalian cell
lines, along with the concomitant implications about the
mechanism(s) of amplification, are discussed-in sections 1.4 and
1.5. Finally, in section 1.6, some of the alternative approaches to
isolating and mapping amplified DNA are described. The technological
problems involved in both procedures are considered.

1.2. Fundamental molecular events required for DNA amplification
in any biological system

Before looking at in viva and in vitro examples of DNA
amplification from a mechanistic point of. view, it is useful to
consider the processes which must be involved, in any system, in
order to produce an increase in the existing copy number of any DNA
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FIGURE 1,10 Mechanisms of-increasing DNA sequence copy number
Multiple rounds of bidirectional replication initiated from
a single site, within one cell cycle,
- represents double-stranded DNA,

1]

represents origin of replication from which 3 rounds
of replication have been initiated0

a-i

represent different DNA sequences, present In the
ratios shown at the base of the figure. Equimolar
ratios of a-i are not present, since each round of
replication has not proceeded to the same pair of
termini.

Sister chromatid exchange.
-

represents a chromatid.

Ab, Bb etc represent allelic, single-copy DNA sequences.
• represents a sequence which is repeated within the
genome.
JI

represents site of formation of a chiasma.
(1)

equal SCE: the two chromatids are precisely aligned, with
allelic sequences opposite one another. After resolution
of the recombinant structure, each daughter chromatid
maintains a full complement of single-copy and repeated
sequences.

(ii) unequal SCE: the two chromatids are imprecisely aligned In the figure illustrated here, this is due to mispairing
of the repeated sequences *0 After resolution of the
recombinant structure, one daughter chromatid lacks the
region of DNA including the single-copy sequence C and two
copies of *; the other daughter chromatid possesses a
duplication of this region.
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A constant copy number of a DNA sequence is normally maintained
in every generation of cells by the replication, once, of each strand
of DNA in the cell prior to cellular division. This replication
seems to initiate bidirectionally from a single and specific origin
in most prokaryotes, plasmids and viruses (see, for example, Cairns,
1963; Wolfson and Dressier, 1972). In eukaryotic cells, various
studies suggest that multiple, tandemly-arranged origins of
replication exist (see, for example, work on yeast by Newlon et
al, 1974; work on D.melanogaster by Kriegstein and Hogness, 1974
and work on Chinese hamster cells by Huberman and Riggs, 1968). The
specificity and nature of such eukaryotic origins is not well
characterised. However, there is strong and varied evidence to
support the theory that replication proceeds bidirection ally in
eukaryotic cells (see, for example, Callan, 1972; Kriegstein and
Hogness, 1974 and Weintraub, 1972).

Differential DNA sequence representation may be achieved by one
of at least two alternative methods, which need not be mutually
exclusive in a cell at one time. During a single cell cycle,
multiple initiations of replication from one origin (which might,
or might not be an origin used in the normal course of events) is
one way of generating several copies of the sequences around that
origin (see Figure 1.1.A.). Depending on the precise method of
mitotic segregation of the additionally synthesised strands of DNA,
both or one of the daughter cells would contain differentially
replicated sequences.
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Unequal sister chromatid recombination, following unequal
pairing of the chromatids, would lead, on segregation, to the
duplication of sequences between the expected and used sites of
recombination in one daughter cell and to the loss of these sequences
in the second daughter cell (see Figure 1.1.B.). Such unequal sister
chromatid exchange (SCE) is generally supposed to occur by
recombination between homologous, repeated sequences arranged along
the DNA.

The genes encoding proteins responsible for mediating homologous
recombination, albeit unequal, have been characterised in many
prokaryotic organisms. Clark (1965) isolated E.coli mutants
incapable of producing genetic recombinants in conjugational crosses.
These mutants were referred to as being recombinationiess, or
rec and fell into three complementation classes: recA,
recB and recC. The recA protein promotes
renaturation of DNA during recombination (Weinstock et al, 1979).
ReeB and recC genes encode for one polypeptide each of
exonuclease V (Goidmark and Linn, 1972). The ability of the recBC
protein to unwind double-stranded DNA molecules until single-stranded
regions are exposed may be more critical during recombination than
any recBC exonuclease activity, since single-stranded DNA is a
prerequisite for DNA recombination (see Dressier and Potter, 1982,
for a review). Similar recombination-mediating systems have been
identified in other bacteria, for example Salmonella typhimurium.
In strains of bacteriophage lambda, mutations in either the red a
or red gene prevent phage recombination in recA hosts
(signer et al, 1969).

Recombination between poorly- or non-homologous DNA sequences
has been referred to as 'illegitimate' recombination. It is not
clear how such recombination is mediated in either prokaryotes or
eukaryotes. This type of recombination is assumed to be the main
type which occurs in recAT (or the equivalent) prokaryotes.

In eukaryotes, the elements responsible for homologous
recombination are less well defined than

in prokaryotes. However,

recombination and repair-defective mutants have been isolated in some
organisms. Fungi excluded, Drosophila melanogaster is one of the
best characterised eukaryotes in this respect. (See Baker et al,
1976, for a review.)

One requirement common to almost all amplification systems is
the recombination of either newly synthesised strands of DNA formed
by differential replication, or DNA strands involved in chromatid
exchanges. However, the temporal sequence of disproportionate
replication and/or unequal SCE and of DNA sequence excision,
translocation and reintegration (if any) is unclear and probably
varies between different systems. If translocation and integration
of sequences to a new chromosomal site occurs, then breakage of the
DNA strands in the chromosome at the site of integration, followed by
further recombination, is required. A full understanding of the way
in which DNA amplification occurs will require prior knowledge of the
mechanisms of DNA replication, recombination and translocation.
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1.3. Examples of in vivo and in vitro DNA amplification in

pr karyotes and non-mammalian eukaryotes

The occurrence of tandem duplications of varying proportions of
the genome is widespread in prokaryotes (see Anderson and Roth, 1977,
for a review) and is generally the result of some form of selective
pressure applied to the organism in question. The frequency with
which a given duplication arises has been shown, in the case of
Salmonella typhimurium, to depend on its chromosomal location
(Anderson and Roth, 1981). It was found that the most frequent
duplications arose approximately once in 300 cells and involved
regions of the genome which lay between assorted pairs of ribosomal
RNA (rRNA) genes. In other areas, the frequency of duplications fell
to

Anderson and Roth (1981), working on S.typhimurium and Hill
et al (1977), working on an Escherischia coli, analysed the
termini of duplications arising after selection for the reversion of
mutations in genes flanked by the rRNA genes. Both groups found
that the termini usually fell within two of the rRNA genes located on
either side of the gene under selection. The rRNA genes involved
were not always those immediately adjacent to the duplicated locus.
It was suggested that the duplications resulted from unequal
recombination between homologous regions in the different rRNA genes.
If this were the case, the observed variation of the frequency of
tandem duplications with genomic location might be the result of a
differential distribution of repeated sequences within the genome.
Both the length and proximity of a pair of repeated sequences might
affect the frequency with which they would mispair during mitosis.

I

The tandem duplications described above, along with those in
numerous other cases, were shown to be dependent on the recA
recombination system. This is to be expected, as the recA protein
facilitates recombination between homologous sequences (see section
1.1). In S.typhimurium, a mutation of the glycyl tRNA synthetase
S) gene, which results in an enzyme with a Km for glycine
approximately 700-fold greater than that of the wild-type protein,
has been characterised (Folk and Berg, 1970). Work by Straus and
Straus (1976) showed that the frequency of reversion of this
mutation, by tandem duplication of the gly S gene, fell from 7.9 x
10-5 in a recA+ strain to 3.1 x 10 6 in a recA mutant of
S.typhimurlum. Although homologous sequences flanking the .i

s

gene have not been positiviely identified, these results would
predict the existence of such sequences and also their use to
facilitate unequal recombination.

Tandemly-repeated homologous sequences are not essential for the
production of tandem duplications. Anderson and Roth (1978) analysed
revertants of the hisD phenotype. in S.typhimurium. They
found that two classes of tandem duplication were responsible for
pheno- typic reversion. Most revertants fell into a class
characterised by precise duplications of 16% of the genome. The
formation of these duplications was shown to be recA-dependent.
However, revertants in a second class possessed duplication whose
formation was recA-independent and which were characterised by
variable end points. Likewise, the duplication of two, separate loci
in deletion- derivatives of phage lambda was shown to be independent
of both rec and red functions (Emmons et al, 1975).
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In yeast, unequal homologous recombination may be responsible
for the amplification of the CUPI locus on selection for resistance
to copper both in vitro (Fogel and Welch, 1982) and in vivo
(Welch et al, 1983). Short regions of homology flanking each CUPI
locus are proposed to mediate the recombination, but their existence
has not yet been demonstrated (Welch et al, 1983).

That unequal SCE is a mechanism whereby yeast may regulate the
copy number of its genes was shown clearly by work on yeast rRNA
genes. About 140 copies of a 9kb repeat containing the rRNA genes
are maintained per haploid genome in every yeast cell (Harris Cramer
et al, 1972). The arrays of these genes have been shown to exist
in a continual state of flux, with reciprocal gains and losses in
gene copy number caused by unequal SCE (Petes, 1980; Szostak and Wu,
1980).

The second method for increasing the existing copy number of a
DNA sequence mentioned in section 1.2., i.e. that of multiple rounds
of replication from a single origin within one cell cycle, is clearly
used to produce amplification of the chorion genes during ogenesis
in Drosophila melanogaster (Spradling and Mahowald, 1980;
Spradling, 1981). Osheim and Miller (1983) found multiply-branched
DNA molecules (taken to be indicative of multiple initiations of DNA
replication) in electron micrographs from post, but not preamplification egg chambers. Undefined termini of re-replication
would lead to the gradient in copy number of amplified sequences
observed by Spradling (1981) for chorion genes located on both the
third and x chromosome.
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Evidence for a specific origin of replication comes from
studies on Drosophila bearing the ocelliless (oc) mutation
(Spradling and Mahowald, 1981). Such flies have a small chromosomal
inversion in the centre of the block of chorion genes located on the
X chromosome. This inversion results in the splitting, into two
parts, of sequences which are both amplified and transcribed in the
wild-type fly. Those sequences whose chromosomal location is
unchanged in oc flies are no longer amplified. However,
amplification of the translocated sequences, along with sequences now
adjacent to the chorion genes by virtue of the inversion, does
occur. This suggests that the inverted portion of DNA contains a
specific origin from which replication occurs, regardless of the
nature of the flanking sequences.

More recent work of de Cicco and Spradling (1984) confirms that
a 3.8kb fragment from the centre of the chromosome 3 chorion gene
complex does contain cis-acting sequences which confer the
developmentally regulated amplification of flanking sequences.
However, de Cicco and Spradling also note that the chromosomal
location of this sequences affects the ability of amplification to
take place. It is possible that certain DNA sequences are inhibitory
to DNA replication or, in particular, to differential DNA
replication: a far more stringent position effect was observed on DNA
amplification than on expression from genes inserted by the same
mechanism of p-element-mediated transformation.

Amplification of the type described above is probably not unique
to the chorion genes of Drosophila and is likely to account for
'puff' formation observed during development of several Dipteran
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flies. Early morphological studies showed that the pattern of puffs
changed during larval development in the sciarid, Rhynchosciara
angelae (Breuer and pavan, 1955). It was subsequently shown, by
monitoring the incorporation of 3H-thymidine, that such puffs
contained more DNA than did neighbouring regions of the chromosome
(Ficq and Pavan, 1957). More recently, Glover et al (1982)
isolated cDNA probes which could be localised by in situ
hybridisation to DNA puffs formed during larval development. Using
the same probes, they demonstrated that the homologous genomic DNA
was amplified approximately 16-fold in larvae with puffs , relative
to DNA isolated from larvae at developmental stages preceding puffformation.

Multiple rounds of replication also account for the developmentally regulated rRNA gene amplification observed during o6genesis
in a wide variety of organisms (for a brief review, see Long and
Dawid, 1980). However, the structure of the amplified sequences may
differ markedly from that of the amplified chorion genes in D.
melanogas ter.

In Xenopus laevis, a low level of rDNA amplification occurs in
the primordial germ cells of both sexes (Galland Pardue, 1969). In
the females, rDNA amplification Increases the haploid number of genes
by approximately 2500-fold during oógenesis (Gall, 1969). The
amplified DNA present at each of these two stages has been shown,
using electron microscopy, to be present as extrachromosomal circles
(Bird, 1978; Miller and Beatty, 1969). Microscopic and pulse-chase
studies have lead to the conclusion that replication of rRNA genes is
probably by the the rolling-circle mechanism, although how the
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initial copy is chosen and an extrachromosomal replica made,
remains unclear (Buongiorno-Nardelli et al, 1976; Hourcade et
al, 1974; Rochaix et al, 1974). Further evidence in support of
rolling circle replication initially from a single gene (per circle)
comes from the observation that the length of each circle is an
integral multiple of the length of a single gene (Wellauer et al,
1976). However, it is apparent that within a single oócyte, more than
one gene is capable of being amplified, although the number of
different genes amplified is small. (The rRNA genes have spacers of
varying lengths, which enable the identification of different sets of
amplified genes; Morrow et al, 1974.) In addition, different
ocytes from the same female amplify different combinations of genes
(Bird, 1978; Wellauer et al, 1976).

In species of Tetrahymena, the rRNA genes of the macronucleus
are formed by amplification from a single copy in the micronucleus
(Yao and Gall, 1977). Approximately 170 copies of rDNA are amplified
per haploid genome (Engberg and Pearlman, 1972). These copies are
present in the macronucleus as linear palindromes, formed from two
copies each of the 17S and 25S rRNA genes (Engberg et al, 1976;
Karrer and Gall, 1976).

In Drosophila, it is possible that more than one mechanism is
involved in maintaining an approximately constant number of rRNA
genes per haploid genome. The rRNA genes of Drosophila are located
at two loci, on the X and y chromosomes (Ritossa and Spiegelman,
1965). Each locus contains approximately 250 tandemly-arrayed
copies of the rRNA genes, although precise numbers vary between fly
stocks (Tartof, 1971). The bobbed phenotype of Drosophila is
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characterised by abnormal bristles. At the molecular level, the
phenotype is associated with the partial deletion of the rRNA genes
(designated by bb) at either the X or Y locus (Ritossa et al,
1966). Total deletion of the rRNA genes (bb) is lethal in the
homozygous state.

Reversal of the bobbed phenotype occurs when an Xbb chromosome
is maintained for several generations with a Ybb chromosome.
This reversal is associated with an inheritable increase
('magnification') in the rRNA gene copy number at the X-chromosome
locus (Rltossa, 1968; Tartof, 1974). One mechanism whereby
magnification occurs may be unequal sister chromatid exchange.
Tartof (1974) observed reciprocal gains and losses of X-chromosome
rRNA genes in flies undergoing magnification. Unequal interchromatid
exchange has been shown to occur between the bobbed loci on the

x and

Y chromosomes (Coen and Dover ) 1983; Maddern, 1981).

Some experimental evidence points towards the involvement of
transposition events in rDNA magnification. Approximately 60% of
the rRNA genes on the X-chromosome, but none of those on the Ychromosome, are interrupted by an insert (type 1) of varying lengths
(Tartof and Dawid, 1976; Wellauer et al, 1978). These type I
insertions are also located, mainly in tandem arrays, in the
pericentromeric heterochromatin of most Drosophila chromosomes
(Peacock et al, 1981). Sequencing studies show that the type I
insertions are flanked by short repeats of the target site DNA (Dawid
and Rebbert, 1981; Roiha and Glover, 1981; Roiha et al, 1982). In
the possession of these features the type I insertion sequences
resemble transposable elements.
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Although there is no direct evidence that the type I insertions
are involved in magnification, their possible involvement has been
suggested following experiments by de Cicco and Glover (1983) and
by Hawley and Tartof (1983). The former pair of workers found a fourfold

increase in the level of rDNA on the Xbb chromosome in first

generation Xbb/ybb males. By the second generation, the rDNA
level fell to that found in wild type flies. Associated with the
increased level of rDNA was a transient amplification of the
tandemly-arrayed type I insertion sequences which extend into the
heterochromatin flanking the rDNA genes. By the second generation,
the levels of these sequences had fallen to that present in the
original males. Unequal SCE could give a maximum increase in
sequence copy number of only two-fold per cell generation. To
produce the four-fold amplification observed, unequal SCE in more
a

than one round of mitotically dividing germ cells would be required.
As an alternative mechanism, de Cicco and Glover propose that the
type I insertions may mediate multiple replication and recombination
events in the manner of a transposable element.

Hawley and Tartoff studied the effect on rDNA magnification of
two mutations (mei-9 and mei-41) known to affect meiosis. Both
mutations suppress recombination and/or alter the distribution of
exchange events along the chromosome. Mei-9 and Mei-41 also increase
chromosome non-disjunction (Baker and Carpenter, 1972); confer
sensitivity to mutagens (Baker et al, 1976) and increase the
frequency of chromatid breaks, possibly by hindering their repair
(Gatti, 1979).
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Despite many similarities in the effects of these two mutations
on recombination and repair, Hawley and Tartoff found that rDNA
magnification was prevented in mei-41, but not mei-9, mutants.
Somewhat unexpectedly, they also observed an increased frequency of
recombination events between Xbb and Ybb (but not between Xbb_
and Ybb+) chromosomes. Finally, they found a high frequency of
extrachromosomal deletions in the x, but not the Y, chromosome. To
explain these deletions, they proposed that recombination events
resulting in sequence excision might be mediated by the type I
insertion sequences present on the x chromosome. If these sequences
are capable of transposition, they might have a tendency to produce
nicks and gaps in the DNA at their insertion sites. Failure to
repair these nicks - as in, possibly, a mei-41 mutant - would
facilitate recombination events starting at the nicks.

Extrapolation of the results discussed above leads to the idea
that transposable elements may mediate many types of DNA translocation within a cell.

This survey of some examples of DNA amplification occuring in
vivo and in vitro suggests that the two alternative mechanisms
(i.e. unequal SCE and disproportionate replication) discussed in
section 1.2. for selectively increasing the copy number of a given
DNA sequence are both widespread. The importance, for amplification,
of proteins mediating normal DNA recombination and repair events is
clear. In addition, the work on rDNA magnification in Drosophila
suggests that a mechanism not required during the 'normal' events
prior to cell division may be invoked, under certain circumstances,
to promote the types of DNA rearrangements which have been found in
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several cases of DNA amplification in mammalian cells. It should be
noted, however, that some elements common to those involved in
recombination (for example, excision and some degree of sequence
homology) are required for transposition.

1.4. DNA amplification in drug-resistant and tumourigenic
mammalian cells

1.4.1. General

A representative but, undoubtedly, non-comprehensive list of
examples of cells in which gene amplification has been found to
accompany resistance to a specific drug is given in Table 1.1.
Tumourigenic cells known to contain amplified DNA are also listed.

The work presented in this thesis is concerned with DNA
amplification producing resistance to the antifolate drug, MTX;
accordingly, a brief review of the historical background to this
field is given in section 1.4.2.

Sections 1.4.3. and 1.4.4. are

concerned with some cytological and molecular characteristics,
respectively, of a wider range of drug-resistant and turnourigenic
mammalian cells.

1.4.2. Resistance to antifolate drugs

Antifolate drugs are analogues of the naturally occurring
molecule, folic acid. The cytotoxicity of these drugs derives from
their ability to bind irreversibly to the enzyme dihydrofolate
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TABLE 1.1.B. Amplification of oncogenes in tumourigenic cells

Oncogene

c-abl

c-erbB

C-Pyc

Cell Line

Human chronic
myelogenous leukaemia
(K-562)
Human epidermoid
carcinoma (A431)
Human glioblastonia

dm or HSR
present?

X

-

-

References

Collins and Groudine (1983)

Ullrich et al (1985)
Liberian et al (1985)

Human colon carinoma
(Cob 320)
Human promyelocytic
leukaemia (HL-60)

dm/HSR

Alitalo et al (1983)

Mouse SEWA tumour

dnu/HSR

Collins and Groudine (1983)
Dalla Fanera et al (1982)
Westin et al (1982)
Schwab et al (1985)

L-myc

Human small cell
lung carcinoma

N-Ei

Human neuroblastoma

c-Ki-ras Mouse adrenocortical
tumour (Yl)

-

HSR

dm/HSR

Nau et al (1985)
Emanuel et al (1985)
Schwab et al (1983a)
Schwab et al (1984)
Schwab et al (1983b)

reductase (Werkheiser, 1961). The synthesis of a variety of
essential metabolites, such as purines and pyrimidines, is thus
reduced or completely prevented, resulting in cell death.

The antifolate 4-amino-N' °-methyl-pteroylglutamic acid
(amethopterin) was shown to provide temporary remission of acute
leukaemia in children (Farber et al, 1948) and to increase the
survival time of mice with transplanted lymphoid leukaemia Ak-4
(Burchenal et al, 1949). However, as early as 1950, it was
observed that mice implanted with leukaemic cells which had been
previously subjected to prolonged exposure to ainethopterin,
experienced no remission when treated with the drug (Burchenal et
al, 1950). Later work showed that both tumours from mice implanted
with antifolate-resistant lymphoid leukaemic cells (Misra et al,
1961) and cultured mammalian cells selected for amethopterinresistance (Fischer, 1961; Hakala et al, 1961), contained increased
levels of dihydrofolate reductase activity, relative to the drugsensitive cells.

Littlefield (1969), found that hybrids formed from the fusion of
aminopterin-sensitive and resistant baby hamster kidney cells
possessed an intermediate level of drug-resistance. This suggested
that such cells might contain multiple copies of the structural gene
for dihydrofolate reductase. Subsequently, Schimke and co-workers
showed that NTX-resistant derivatives of the mouse sarcoma 180 (S180) line synthesised dhfr proteinat a faster rate than the
parental, drug-sensitive cells (Alt et al, 1976). They also found
that this increased rate of synthesis of dhfr could be explained by a
proportional increase in the level of dhfr mRNA (Kellems et al )
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1976). Finally, they were able to show that the drug-resistant S-180
cells contained multiple copies of the dhfr gene; the gene copy
number was directly proportional to the observed degree of resistance
(Alt et al, 1978). MTX-resistance has since been shown to be
accompanied by dhfr gene amplification in a variety of different cell
lines, for example: murine EL4 lymphoma (Tyler-smith and Alderson,
1981), murine PG19T3 melanoma (Bostock and Clark, 1980; Tyler-Smith
and Alderson, 1981), Chinese hamster ovary (CHO) cells (Biedler et
al, 1982). More recent reports suggest that low levels of dhfr
gene amplification may also account for the resistance to MTX
observed in the tumours of many human patients (see, for example,
Bertino, 1983; Carman et al, 1984; Curt et al, 1983; Horns et
al, 1984; Trent et al, 1984).

Whilst amplification of the dhfr gene does appear to account for
the majority of cases of experimentally-induced resistance to MTX, it
is important to note that at least two other mechanisms whereby
resistance is achieved have been reported.

For example, Sirotnak

et al (1968), found a four-fold decrease in the rate of uptake of
amethopterin into resistant L1210 leukaemic cells, relative to drugsensitive cells. Further work by the same group showed that the two
phenotypes - increased dhfr levels and decreased drug uptake - are
not always mutually exclusive (Sirotnak et al, 1981). Haber et
al (1981) and Flintoff et al (1976) found examples of cells
containing a mutant dhfr protein which had a reduced affinity for
MTh. The mutant gene encoding this protein was also capable of
becoming amplified under selective conditions (Flintoff et al,
1976).
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1.4.3. Cytological characteristics of DNA amplification

Two alternative types of chromosomal abnormality are commonly
found in association with DNA amplification. These are double-minute
chromosome fragments (dm) and homogeneously staining regions (HSR) in
trypsin-Giemsa-stained preparations of chromosomes. The earliest
observations of dm were made in tumour cells (see, for example, Cox
et al, 1965). It was not until 1976 that a strong correlation
between the presence of an HSR and MTX-resistance was shown in
Chinese hamster cells (Biedler and Spengler, 1976a). The similarity
between this HSR and one in cells isolated from a human neuroblastoma
was noted (Biedler and Spengler, 1976b). Although dm and HSR have
since been shown to accompany drug-resistance in many mammalian
cells (see Table 1.1), - 'they are not always.evident in cells which
contain amplified copies of a particular gene. For example, Fuscoe
et al (1983), looking at reversion, by gene amplification, of a
thermosensitive hypoxanthine-guanine phosphoribosyltransferase
(HGPRT) mutation, did not find either dm or HSR to be present in
revertant cells. However, it is likely that both the degree of
amplification (Fuscoe et al observed only up to six-fold increases
in HGPRT gene copy number) and the extent to which flanking sequences
are involved in amplification, contribute to the size and
therefore to the ability to identify these chromosomal features.

The proposal that dm and HSR represent the physical sites of
amplified DNA conferring drug-resistance to a given cell is backed by
several lines of evidence. Firstly, the level of MTX-resistance has
been correlated with the mass of dm (Kaufman et al, 1979).
Secondly, several workers found that the drug-resistance of cells
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possessing dm was unstable. That is, following a period of growth in
the absence of selection, the cells lost their capacity to survive in
the presence of the drug. This loss was associated with a parallel
loss of the. dm (see, for example, Brown et al, 1981; Tyler-Smith
and Bostock, 1981). The instability of dm is not surprising in view
of the fact that dm, whilst capable of DNA replication (Levan et
al, 1977; Barker and Hsu, 1979; Quinn et al, 1979), do not
contain centromeres (Levan et al l 1976). Dm may thus be easily
lost from one daughter cell at cell division, although some
segregation to both daughter cells is partially ensured by the nonspecific attachment of dm to the ends of true chromosomes (Levan and
Levan, 1978). HSR-containing cells are generally stably resistant
(Kaufman et al, 1979; Tyler-Smith and Bostock, 1981), but a
decrease in size of the HSR in proportion to a loss of dhfr activity
has been observed in Chinese hamster cells grown in the absence of
selection (Biedler et al l 1980).

A third line of evidence linking dm to dhfr genes, is the
observed enrichment of dhfr genes in DNA purified from dm isolated on
a sucrose gradient (Kaufman et al, 1979; Tyler-Smith and Bostock,
1981). More recently, the same method has been used to show a
correlation in the enrichment of the c-myc gene with that of dm from
mouse SEWA tumour cells (Schwab et al, 1985).

The fourth line of evidence which links the site of amplified
genes to HSR, is based on the cytological localisation of the genes
by in situ hybridisation. This has been shown both for genes
amplified by selection for drug-resistance (Dolnick et al, 1979;
Nunberg et al, 1978; Wahl et al, 1982) and for amplified
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oncogenes in naturally occurring tumours (Alitalo et al, 1983;
Emanuel et al, 1985; Schwab et al, 1983).

A strong relationship clearly exists between dm and HSR.
Several workers have reported that various types of tumourigenic
cells, when isolated from the same origin, may bear either din or
HSR (see, for example, Balaban-Malenbaum and Gilbert, 1977; Quinn
et al, 1979). Proof that din and HSR are interconvertible requires
the use of cell lines derived from a single cell. George and Franke
(1980) made the same observation as that described above in a
clonally-derived murine Yl adrenocortical cell line. Bostock and
Tyler-Smith (1981) found that the cytological characteristics of some
of their four, separate clones of MTX-resistantEL4 cells (EL4/3, 8,
11 and 12) changed during growth in culture. Originally, each clone
contained din, although the size and number of these varied both
between' and within one line. After prolonged growth in culture,
approximately 74% of the EL4/11 cells lost their dm and developed, in'
their place, six to eight large chromosomes which stained
homogeneously on G-banding. A similar conversion from din to HSR also
occurred in one subculture of the EL4/8 line. In addition, large,
circular chromosomes were observed in 30% of EL4/8 and 50% of EL4/12
cells.

Although din and HSR were never observed together in one cell,
Bostock and Tyler-Smith (1981) did find cells which contained
structures which might be intermediate between the two forms. They
proposed that the small dm fragments could increase in size presumably by recombination with each other, or by sister chromatid
exchange - to form large, circular molecules which then linearised to
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form the HSR. marker chromosomes. It should be pointed out, however,
that to acquire the stability associated with HSR, any newly formed
marker chromosomes must possess a centromere. This condition would
be fulfilled if the sequences integrated into an already existing
chromosome. Sainerova and Svoboda (1981) found that after prolonged
growth in culture of cells from the RVP-3 mouse tumour, dm were
replaced by microchromosomes, some of which C-banded and thus
probably possessed centromeres.

If dm and HSR are different manifestations of the same, basic
chromosome phenomenon and are interconvertible, they should contain
the same DNA sequences. In highly drug-resistant cells, a
significant proportion of the genomic DNA is contributed by
amplified sequences. Ethidiuni bromide (EtBr) staining of gels on
which digested DNA from these cells has been run, reveals a complex
pattern of bands above the background smear normally visible in such
genomic DNA digests (Bostock and Tyler-Smith, 1981; Hamlin et al,
1982). These band patterns offer a method, albeit of limited
sensitivity, of comparing the amplified DNA sequence content present
in different populations of cells. Tyler-Smith and Bostock (1981)
used this method to analyse DNA from dm and HSR-containing
populations of clonally-derived EL4/8 cells. After digestion with
EcoRI, they found the two EtBr band patterns obtained to be
indistinguishable. This contrasted with the distinct EtBr band
patterns obtained on digestion of DNA isolated from independent MTXresistant clonal cell lines (Bostock and Tyler-Smith, 1981).

George and Powers (1981) cloned DNA from a chromosomal fraction
enriched for dm from murine Yl adrenocortical tumour cells. One

- 23 -

clone was shown to contain sequences which were also amplified in a
related subline of cells bearing an HSR.

They subsequently showed

(George and Powers, 1982) that these sequences could be cytologically
located to the HSR by using in situ hybridisation. Thus in this
case, at least some of the sequences were conserved in the interconversion between dm and HSR observed in this clonally-derived cell
line.

It is interesting that dm and HSR bearing the same amplified
sequences have never been observed together in a cell at one time,
although it is unclear why such co-existence should not be found.
However, the co-existence of dm and HSR each bearing different sets
of amplified sequences has been reported (Nartinsson et al, 1982).

In the examples quoted above, a tendency for cells to acquire
HSR from dm, rather than the reverse process, is predominant.

Given the increased stability of amplified sequences in HSR over
dm, this observation is perhaps not surprising. Interestingly,
Levan and Levan (1982) observed that culture conditions affected the
propensity ofEtumour cells to display either dm or HSR.
In vivo, the majority of cells possessed dm; in tissue culture,
cells bearing HSR prevailed.

Although the evidence is strong that dm may convert to HSR, it
is clear that specific cell types have a tendency to form either dm
or HSR during DNA amplification and that whichever is formed
initially, tends to persist. Dm are rarely observed in hamster
cells: in cited cases of dhfr gene amplification in Chinese hamster
cells (Biedler and Spengler, 1976a; Flintoff et al, 1982; Nunberg
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et al, 1978) and carbamyl-P-synthetase aspartate transcarbamylase
dihydro-orotase (CAD) gene amplification in Syrian hamster cells
(Wahl et al, 1982), the amplified DNA is found almost exclusively
in the form of an HSR. Conversely, in many MTX-resistant murine lines
(Bostock and Tyler-Smith, 1981; Kaufman et al, 1979) or murine
tumourigenic lines (Levan et al l 1977), dm prevail, at least as the
initial manifestation of amplified DNA.

The chromosomal location of HSR is not always the same as that
of the wild-type locus, even in cells in which HSR formation does not
appear to be preceded by a dm stage. For example, the dhfr locus in
Chinese hamster cells has been shown to reside on chromosome 2
(Roberts et al, 1980). However, studies by Biedler et al (1980),
showed that in cell lines bearing an HSR on chromosome 2, the HSR
was not restricted to a single region of the chromosome. HSR were
also observed on chromosomes 4 and 9 and on unidentified marker
chromosomes. HSR were not observed at the dhfr locus in the MTXresistant CHO lines studied by Milbrandt et al (1981). Conversley,
Flintoff et al (1984), found several examples of translocations at,
or near, the site of the wild-type dhfr locus in the CR0 lines which
they were studying.

Wahl et al (1982) showed that the wild-type CAD gene is
located on the short arm of chromosome B9 in Syrian hamster cells.
They examined the location of amplified CAD genes in four,
independently-derived N-(phosphonacetyl)-L-aspartate (PALA)resistant cell lines by in situ hybridisation. The prime site of
amplification, in three of these lines, was in an HSR on an elongated
form of the short arm of the B9 chromosome. In two of these three
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lines, additional, but less dense, hybridisation of the CA]) gene
probe was observed at additional chromosomal locations. In the
fourth line, hybridisation was consistently detected to an
unidentified chromosome. In this case, therefore, amplification to
produce an HSR would appear to occur predominantly at the site of the
wild-type gene.

The converse is true in the human neuroblastoma line, IMR- 32,
which has an HSR on chromosome 1, but which contains amplified
sequences derived from chromosome 2 (Kanda et al, 1983).
Furthermore, the amplified sequences are reported to come from three
distinct 'domains' on chromosome 2, which are separated from each
other by several thousand kb of DNA (Shiloh et al, 1985).

The results discussed above demonstrate clearly that whilst
the initial stages of DNA amplification may take place at the wildtype locus of a gene, recombination of the amplified sequences out of
the chromosome and translocation to a different location, is a common
occurrence.

There is, thus, strong, evidence to support the theory that dm
and HSR represent sites of amplifed DNA sequences. Although, in
detail, these two structures are distinct from each other, it is
clear that similar processes must be involved in their formation.
Both are formed after the disproportionate replication, relative to
the rest of the genome, of the sequences which they contain.
Recombination of the multiple copies of these sequences must occur in
order to link them together in a tandem fashion. Dm are the result
of the formation of an extrachromosomal body of DNA by this
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recombination process. However, HSR present at loci distinct from
that of the wild-type sequences which they contain, may also undergo
an extrachromosomal stage, albeit a transient one. It is possible
that the tendency for a particular cell type to form either dm or HSR
reflects the frequency with which integration into an intact
chromosome occurs. Since such integration requires breakage of the
DNA strands in a chromosome (and in any circular structure
integrating into the chromosome), the frequency of integration may
depend on the efficiency of DNA repair mechanisms in a cell.

1.4.4. Molecular characteristics of amplified DNA sequences

Although the phenomenon of gene amplificatiOn can be described
in detail at the cytological level, in order to fully understand the
process of DNA amplification, it is necessary to have a détailed
knowledge of the sequence organisation of amplified DNA and its
relationship to the organisation of homologous sequences in the wild
type genome. A knowledge of the latter is not possible without the
former and, to date, most work has been concerned with the isolation
and characterisation of amplified DNA sequences.

The problem is not a small one: as mentioned in section 1.1.,
substantial amounts of DNA flanking a gene are generally co-amplified.
Estimates of the length of DNA amplified per gene copy have been made
in several systems. The most common method used is to estimate the
proportion of the total DNA occupied by any HSR in a given cell
line. If the number of genes amplified per cell is known, the amount
of DNA amplified per gene copy may then be calculated. An
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alternative method is to sum the size of restriction fragments
visible on EtBr-stained gels of digested DNA from the relevant cell
line. However, in many cases such patterns are not visible, since
the amplified DNA is not present in the genome at a sufficiently high
copy number. This method may also result in underestimation of the
size of an amplified unit; it is difficult to detect all small
restriction fragments on staining with EtBr and also to account
accurately for any non-equimolar representation of the different
bands.

In two PALA-resistant Syrian hamster cell lines, Wahl et al
(1982) estimated that about 500kb of DNA is amplified, per CAD gene
copy. In Syrian hamster cells, the CAD gene is approximately 25kb
long (Padgett et al, 1982). Estimates in various MTX-resistant
lines include 3000kb in the murine melanoma, PG19T3 (Bostock and
Clark, 1980), approximately 650kb in the murine lymphoma, EL4/11
(Bostock and Tyler-Smith, 1981); 500-1000kb in one CHO line (Nunberg
et al, 1978) and. 135kb in a second CHO line (Milbrandt et al,
1981). This last estimate is very low compared with the preceding
ones and was made by summing sizes of fragments produced by
restriction enzyme digestion. The length of the murine dhfr gene is
approximately 32kb (Crouse et al, 1982); that of Chinese hamsters
is around 25kb (Milbrandt et al, 1983).

Immense variation exists in the details of the karyological
manifestations of DNA amplification, even between cell lines derived
from the same, drug-sensitive parent. It was, therefore, not
surprising that the EtBr banding patterns produced on DNA
restriction suggested that substantial differences often existed in
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separate cell lines. Bostock and Tyler-Smith (1981) noted that each
of five MTX-resistant murine cell lines, four of which were
independently derived from the same EL4/wild parent, possessed
different arrangements of their amplified DNA. The arrangement was
shown to be a property of every cell in the clonal population. The
pattern of bands generated from DNA of any given cell line did not
appear to be composed of sub-patterns of bands from other lines.
These results could not be accounted for merely by the amplification
of DNA on either side of two dhfr alleles; this would allow a maximum
of four different patterns. Thus, either DNA from a variety of
regions in the genome was co-amplified with the dhfr gene or/and
complex and unique rearrangements of the DNA flanking the gene had
occurred in each cell line.

This initial observation was backed by those from more detailed
hybridisation analyses of the amplification of specific DNA sequences
in different, drug-resistant and tumourigenic cell lines (Ardeshir
et al, 1983; Caizzi and Bostock, 1982; Federspiel et al, 1984;
Kohl et al, 1983). For example, Caizzi and Bostock (1982) isolated
two, non-dhfr-containing, single-copy probes from a library made from
purified dm DNA from the MTX-resistant line, EL418.

They found that

one of the two sequences was amplified to an approximately equal
level in each of the MTX-resistant lines, EL4/3, 8, 11 and 12.
However, the second sequence was amplified in only EL4/8.

Ardeshir et al (1983), working on independently-derived PALAresistant Syrian hamster lines, found that a region of approximately
44kb long, which included the CAD gene, was amplified in all 12 lines
tested. On the other hand, one cell line contained amplified
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sequences which were not amplified in any of the remaining 11 lines
and cloned amplified sequences derived from a second cell line were
amplified in all but two of the 12 mutants. These results again
suggest that sequences from regions apart from that including the CAD
gene must be amplified and that the regions involved must be
different in at least some of the 12 mutants. To explain this,
Ardeshir et al propose that the initial stages of amplification
occur around the CAD gene and that, in some or all of the mutants,
translocation of the amplified sequences occurs to a series of second
sites in the genome. Additional amplification steps would result in
the production of multiple copies of a variety of flanking sequences,
depending on the nature of the secondary location. Such a mechanism
would also contribute to the observed unequal levels of amplification
of different sequences, in any one cell line.

Federspiel et al (1984), working on murine MTX-resistant
lines, found not only a difference in sequence amplification between
cell lines, but also variation in their amplification within one cell
line over a period of several months in culture. The latter type of
observation has not been reported by other workers. At a more
superficial level, by looking at restriction banding patterns, TylerSmith and Bostock (1981) observed that the composition of amplified
DNA sequences was constant during both selection of PG19T3 cells to
increasing levels of MTX-resistance and growth in culture, at a
single MTX concentration, for a period of six weeks. Experiments
involving selection for MTX-resistance in mouse LtAp20 cells, after
transfection with chromosomal material from EL418 and E/4/11 cells,
showed that in 70% of the surviving recipient cells, the set of
fragments amplified was identical to that of the donor. Another 20%
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had preferentially amplified a subset of the donor fragments (Bostock
and Clark, 1983). Although this type. of experiment is not directly
comparable to that of Federspiel et al, it does suggest that the
composition of amplified DNA may be stable, once formed.

An additional characteristic, common to all of the systems
discussed above, is the presence of novel restriction fragments in
the amplified DNA. Wahl et al, 1979, first presented indirect
evidence for the existence of such joints; see also Ardeshir et
al, 1983; Crouse et al, 1982; Federspiel et al, 1984; TylerSmith and Alderson, 1981. The formation of a novel restriction
fragment occurs when sequences present in two, distinct fragments in
the parental cell line are joined in the amplified DNA into one
fragment of a third length, with the loss of a restiction site.
Alternatively, a sequence present in a specific fragment in the
amplified DNA might be present in only a single fragment of a
different length in the parental genome. Such novel restriction
fragments may be indicative of, firstly, sites of recombination
during amplification, involving the deletion or insertion of DNA.
Secondly, they might represent the terminal fragments in an amplified
'unit', bordering on unamplified, flanking DNA.

One major exception to all of the results discussed above has
been reported by Montoya-Zavala and Hamlin (1985). These workers
were unable to detect any difference in sequence composition, or
arrangethent (excepting that due to allelic variation), in 150kb of
amplified DNA surrounding the dhfr gene in four, independentlyderived, MTX-resistant Chinese hamster cell lines. Further, the
arrangement of the amplified sequences appeared to be identical to
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that present in the parental cells. It is possible that, on mapping
out further in each direction from the dhfr gene, variations between
each of the resistant cell lines and the parental cell line, would be
detected. Nonetheless, a 'core' consensus sequence of this length is
unprecedented. As mentioned above, Ardeshir et al (1983) found a
consensus sequence of length 44kb in PALA-resistant Syrian hamster
cell lines. In MTX-resistant murine cells, however, rearrangements
during amplification appear to be far more frequent and have been
detected within the dhfr gene itself, in several cell lines (Crouse
et al, 1982; Tyler-Smith and Alderson, 1981; Federspiel et al,
1984).

1.5. Possible mechanisms for DNA amplification in mammalian cells

1.5.1. The frequency of spontaneous amplification events

The DNA amplification events observed when a cell is placed
under specific, selective pressure may be initiated as a direct
result of the presence and action of the selective agent. It has
been suggested that the presence of NTx results in changes in the
structure and integrity of the DNA of a cell and that these changes
facilitate amplification events. This subject is discussed briefly
in section 1.5.2.

Alternatively, the amplification events observed may be the
result of magnification of a specific set of such events occurring
spontaneously in a cell, where this magnification confers resistance
to the selective agent employed. In such cases, the selective agent
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is indirectly promoting DNA amplification. It is also possible that a
selective agent mediates amplification by using both methods (i.e.
direct and indirect) concurrently.

This section is concerned with the incidence of spontaneous
amplification events in mammalian cells. A spontaneous amplification
event is considered to be one which occurs in a cell in the absence
of any known selective agent. Agents (non-selective) capable of
increasing the incidence of spontaneous amplification are discussed.
It should be pointed out that such substances may not bring about
amplification by using the same mechanism as is employed 'naturally',
in untreated cells.

Measurements of the incidence of cells resistant to a particular
selective agent have been made either by using the fluctuation
analysis devised by Luria and Delbrück (1943) or, for cases in which
the resistance leads to a change detectable by increased cellular
fluorescence, by using a fluorescence-activated cell sorter (FACS)
(Johnston et al, 1983). Both methods show that spontaneous
amplification events do occur, although measurements made using
fluctuation analyses suggest a lower incidence of these events than
do measurements made using FACS. For example, using a fluctuation
analysis, Kempe et al (1976) found that a Syrian hamster cell line
developed resistance to PALA at a frequency of about 5 x 10.
The resistance of these cells was subsequently shown to be due to
amplification of the CAD gene (Wahl et al, 1979). Varshavsky
(1981b) did not perform a full fluctuation analysis, but found that
MTX-resistant murine 3T6 colonies arose at a frequency of about 3.5 x
Using FACS, a frequency of 10 was found for the
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spontaneous occurrence of resistance to MTX in CHO cells (Johnston
et al, 1983).

However, it is important to note that frequency values estimated
either by different methods or/and in different cell lines, using
different selective systems, cannot be directly compared. Keinpe et
al (1976) found that in a variety of different cell lines, the
frequency of occurrence of spontaneous resistance to PALA ranged from
2 x 10

to 5 x 1O. Varshavsky (1981b) noted that the

incidence of NTX-resistant 3T6 colonies depended on the plating
density of the cells which were used to make frequency measurements.
PAIA-resistant Syrian hamster cells arose at a frequency which was
found to depend steeply on the concentration of the drug used in a
single-step selection procedure (Zieg et al, 1983).

That drug resistance is not a pre-existing property of a subset
of cells in any population was shown by Kempe et al (1976). They
found that the incidence of PALA-resistance in Syrian hamster cells
was the same for both clonal cell lines and a mixed population of
cells.

The ability to detect spontaneous amplification events depends
on those events being sufficiently stable in nature to persist
through the number of cell generations required to form a visible
colony on a selective medium. Insufficiently stable events and also
those of a magnitude incapable of providing resistance to the
concentration of selective agent used will not be observed.

Regardless of the effect of certain variable parameters
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(including those mentioned above) on the incidence of spontaneous
amplification events, it is clear, from several studies, that a wide
variety of substances have the effect of increasing the frequency of
occurrence of amplification events in mammalian cells. An increase
in the incidence of MTX-resistant murine 3T6 cells was observed
after treatment with the tumour-promoting agent, 12-0-tetradecanoylphorbol-13-acetate (TPA) (varshavsky, 1981b); with a variety of
tnitogenic hormones (Barsoum and Varshavsky, 1983); with hydroxyurea
(Brown et al, 1983) and with the carcinogens UV radiation and Nacetoxy-N-acetylaminofluorene (NA-AFF) (Tisty et al, 1984). No
effect of TPA on the incidence of resistance was observed by Tlsty
et al (1984) when cells were pretreated with TPA before selection
with MTX. Varshavsky (1981b) selected for resistant colonies by
simultaneous treatment with MTX and TPA. MTX is known to be a
carcinogen. From these results, Tlsty et al (1984) concluded that
TPA alone does not increase the incidence of MTX-resistance: it may
only enhance the effect of a carcinogen.

Carcinogens have also been shown to induce amplification of
integrated viral and flanking host chromosomal sequences in SV40transformed Chinese hamster embryo cells (Lavi, 1981) and in polyomatransformed rat cells (Baran et al, 1983). The SV40 amplification
was dependent on the presence of a functional viral A gene, which is
required for activation of the SV40 origin of replication (Lavi,
1981). TPA was shown to enhance the effect of carcinogens in
inducing both SV40 and polyomna DNA amplification (Nomura et al,
1983).

Varshavsky (1981a) proposed that even 'normal' DNA replication
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(specifically in mammalian cells) is an imperfect process,
occasionally resulting in the production of more than one copy of a
given DNA sequence due to multiple initiations of DNA replication
from a single origin within one cell cycle. He suggested that this
'replicon misfiring' might be increased in frequency by treatment of
cells with certain agents, of which he specified tumour—promoting
agents. A variety of carcinogens, including some of those mentioned
above, have been shown to inhibit DNA synthesis, albeit transiently
(see, for example, Kaufman et al, 1980; Painter, 1977, 1978; Tlsty
et al, 1984). Furthermore, following such transient inhibition of
DNA synthesis, aberrant DNA replication has been shown to occur in
both prokaryotes (see, for example, Billen, 1969; Pritchard and
Lark, 1964) and eukaryotes (see, for example, Woodcock and Cooper,
1981).

Mariani and Schimke (1984) showed that the dhfr gene in CHO
cells is replicated within approximately the first two hours of the
normal S phase. They also found that if DNA replication was
transiently inhibited at the start of S phase by treatment of the CR0
cells with hydroxyurea, additional dhfr gene copies were
synthesised within one cell cycle, which followed removal of the
hydroxyurea. Indeed, all of the DNA sequences which had replicated
before the addition of hydroxyurea were found to have re—replicated
after its removal. Treatment of cells with hydroxyurea in phase GI
had no effect on the incidence of cells containing additional dhfr
gene copies. Tlsty et al (1984) include a preliminary report that
the effect of UV irradiation on the incidence of gene amplification
is also dependent on the position of treated cells within the cell
cycle.

Many of the MTX-resistant colonies derived in the various
experiments described above were shown to contain a higher copy
number of the dhfr gene than control, MTX-sensitive cells. This
increased dhfr gene copy number was presumed to be the cause of the
observed MTX-resistance. However, Brown et al (1983) and Tlsty
et al (1984) found evidence suggesting that about 50% of the MTXresistant colonies which they obtained did not contain any additional
dhfr genes. The MTX-resistance of such cells might be due to the
presence of a mutant dhfr gene, with a low affinity for MTX or/and a
mutation resulting in the reduced intracellular accumulation of MTX
(see section 1.4.2). Either of these latter two forms of MTXresistance might equally be promoted by amplification of the relevant
DNA sequences. This possibility has not yet been examined by these
workers.

The experimental results discussed in this section may be
summarised as follows. Spontaneous amplification events can and do
occur in mammalian cells. This observation does not provide any
information about the mechanisms whereby the additional DNA sequences
are acquired by a cell. Treatment of mammalian cells with agents
which are known to cause a temporary inhibition in DNA synthesis and,
probably, a concomitant increase in frequency of aberrant DNA
replication events, often results in an increased incidence of DNA
amplification. If suitable sequences are amplified in a cell, their
presence may be indentif led by the drug-resistance which they confer
to that cell.

The available evidence suggests that the mechanism for
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generating additional copies of a particular DNA sequence in the
above cases is more likely to be by re-replication (i.e. multiple
initiations of DNA replication from a single origin in one cell
cycle) than by unequal SCE. Firstly, on treatment of cells with
hydroxyurea, Mariani and Schimke (1984) found a 2-fold increase in
the number of dhfr genes within a single cell cycle, i.e. detected
before cell division had occurred. In any case in which
amplification is mediated by unequal SCE, segregation of the unequal
chromatids and cell division must firstly occur. Thus if an increase
such as was found by Mariani and Schimke (1984) were generated by
mitotic unequal SCE, it could not be detected unless the DNA of the
daughter cell receiving the appropriate chromatid were examined.
Secondly, the amplification of Sv40 and polyoma virus sequences
observed after induction by carcinogens (Baran et al, 1983; Lavi,
1981) is almost certainly mediated by the occurrence of multiple
rounds of DNA replication from the viral origin.

It should be noted, however, that most known carcinogens cause
an increase in the frequency of SCE for a given cell type (for
reviews see, for example, Latt et al, 1980; Perry, 1980 and
Takehisa, 1982). Indeed, the 'SCE test' in which the effect of a
specific agent on the incidence of SCE in cultured mammalian cells is
determined, is now commonly used as a short term assay for the
detection of genotoxic agents (Perry and Thomson, 1984). It is thus
possible that the increased incidence of SCE, which undoubtedly would
have occurred in the examples of carcinogen-treated cells described
above, may have been involved in mediating the increased incidence of
amplification events which was observed.

- 38 -

1.5.2. The possible facilitation of amplification events by MTX

As mentioned in section 1.2, the DNA amplification events in the
majority of organisms studied require some form of DNA recombination.
It might therefore be supposed that agents which affect the ability
of a cell to carry out recombination reactions would also influence
the incidence of amplification events in that cell.

The presence of MTX in a cell results in a decrease in the intracellular concentration of deoxythymidine triphosphate (dTTP)
(Fridland, 1973; Tattersall and Harrap, 1973). A concomitant
increase in the intracellular concentration of deoxyuridine
triphosphate (dUTP) occurs (Jackson, 1978; Myers et al, 1975).

Deprivation of thymidine nucleotides has been shown to increase
the frequency of mitotic recombination events in both bacteria
(Gallant and Spottswood, 1965) and yeast (Kunz et al, 1980). These
observations may be explained by the increased incorporation into DNA
of deoxyuridine monophosphate (dUMP) in the absence of dTTP; such
incorporation has been found, under suitable conditions in both
bacteria (Grivell et al, 1975) and mammalian cells (Goulian et
al, 1980). If dUMP is incorporated into DNA, it is recognised and
excised by uracil glycosylase (see Hanawalt et al, 1979 or Lehmann
and Karran, 1981 for reviews on DNA repair in bacteria and mammalian
cells). This results in a gap in the DNA strand which, in the
absence of dTTP, cannot be filled. Gaps or breaks in a DNA strand
may be recognised as substrates for recombination. Accumulation of
such gaps might be expected to produce some double-stranded breaks
(although these could not possess blunt ends). A reduced average
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molecular weight of DNA in cells incorporating dUMP rather than dTMP
into their DNA has been observed in E.coli (Grivell et al, 1975)
and in human lympho- blastoid cells (Sedwick et al, 1981).

The inference from the results discussed above is that MTX may
cause an increase in the incidence of recombination events in a cell,
which, because of the involvement of recombination in DNA
amplification, could lead to an increased frequency of DNA
amplification. This effect of MTx has not been directly
demonstrated. It is difficult to think of a way by which a direct
effect could be shown, since treatment of cells with MTX will
simultaneously select for non- MTX-mediated, or spontaneous
amplification events.

1.5.3. Models for DNA amplification

From the differences in detail of both cytological and molecular
characteristics of DNA amplification in mammalian cells, it is clear
that variations of any mechanism of amplification common to all cell
types must exist. Certain observations on the nature of amplified
sequences should be taken into account when proposing fundamental
models to explain the way in which DNA amplification occurs. These
observations are summarised in Table 1.2. For a more detailed
consideration of some of these points, the reader is referred back to
sections 1.4.3. and 1.4.4.

As discussed in section 1.2., two main methods may be envisaged
whereby a cell may disproportionately increase the representation of
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TABLE 1.2. Summary of features of amplified DNA in mammalian
cells pertinent to any fundamental model of DNA
amplification in such cells

Large amounts of DNA amplified per gene copy relative to length
of gene.
Differential amplification of DNA sequences.
Different sequence arrangement or/and different sequences
amplified in separate clones derived from same parent and
resistant to same selective agent.
Co-amplification of sequences from more than one wild-type locus
during development of resistance to a single selective agent.
Translocation of at least some amplified sequences must occur in
the cases described in point 4. Translocation is likely to
occur during many amplification events in different cells.
Amplification involves recombination events, often resulting in
'novel joints'.
Single-step selection for resistance may result in 10-20-fold
amplification.
Cells resistant to high drug concentrations contain amplified
sequences in din (extrachromosomal) or HSR (intrachromosomal).
Dm and HSR may interconvert, but different cell types show a
propensity to form one or other structure.

certain sequences in its genome. The first involves unequal SCE.
SCE frequently results from recombination between homologous
sequences. In mammalian cells, numerous families of repeated
sequences exist (see Jelinek and Schmid, 1982, for a review), any of
which could be invoked to mediate SCE. In section 1.3., we saw that
the rRNA genes in E.coli, S.typhimurium, yeast and, possibly,
Drosophila, are frequently involved in unequal SCE. In mammalian
cells, rRNA gene amplification has been demonstrated both
concurrently with amplification of the CAD gene, during development
of PALA resistance (Wahl et al, 1983) and in some HSR-bearing rat
sarcoma cells (Tantravahi et al, 1982). Although the nature of any
co-amplified sequences in the rat sarcoma cells is unknown, the
implication in both of the above cases is that the rRNA genes may
facilitate unequal recombination events, which in turn lead to
amplification. If this were the case, then the sequences which
became co-amplified with the rRNA genes would be expected to map in
between two sets of rRNA genes in the wild-type genome.

Unequal SCE can generate only a maximum of a 2-fold increase in
sequence copy number in one generation of cell division. Additional
rounds of unequal recombination, in successive generations, would be
required to generate more than two amplified copies of a given
sequence per cell. Mariani and Schimke (1984), found a 2-fold
increase in dhfr gene copy number within one cell cycle, after S
phase had been transiently blocked by hydroxyurea in synchronised CHO
cells. However, as discussed in section 1.5.1., aberrant DNA
replication probably occurs after inhibition of replication by
hydroxyurea. Therefore, the observed re-replication may be unrelated
to a spontaneous mechanism for generating amplified DNA.
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Zieg et al (1983) selected for PALA-resistant Syrian hamster
cell lines in a single step. They used a scheme based on the LuriaDelbrück fluctuation analysis to ensure that little or no
amplification had occurred in the resistant cells prior to selection.
In each of the 11 single-step mutants examined, a 10-20 fold
amplification of one CAD allele had occurred. The level of
amplification was independent of the PALA concentration used in
selection (a 3-4 fold range in concentration was used in separate
experiments). This consistency in degree of amplification led Zieg
et al (1983) to suggest that the Increase in CAD gene copy number
might be the result of only a primary amplification event in
these cells. In further support of this proposal, Zieg et al
(1983) found a shallow dependence of the rate of amplification, i.e.
the number of resistant colonies formed per cell per generation, on
PALA concentration. A steep dependence over the same range of PALA
concentrations would indicate that fewer CAD genes were normally
amplified in the first step. In such a case, only an exceptional
primary amplification step, resulting in a higher copy number of CAD
genes than usual, would confer resistance to higher PALA
concentrations. The results of Zieg et al (1983) argue against
amplification by unequal SCE, but they could be accounted for by
disproportionate replication (see below).

Unequal SCE generates.two types of progeny, one of which
inherits a chromatid with a duplicated region of DNA. Such a
chromatid therefore contains a higher number of repeated sequences
than does an analagous wild-type chromatid. For this reason,
chromatids containing duplicated sequences, generated by unequal SCE,
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might be expected to show a higher frequency of SCE (equal or
unequal, promoted by recombination between homologous sequences) than
chromatids with no duplications. HSR represent an extreme case of
duplicated chromosomal material. If an HSR is generated by multiple
rounds of unequal SCE and assuming that only certain sequences of
those reiterated within the HSR are capable both of pairing and of
SCE, then that HSR might be expected to show a higher frequency of
SCE than other regions of DNA. This prediction was not borne out by
the work of Chasin et al (1982). They found that the frequency of
SCE in HSR of MTX-resistant CHO cells was the same as that of other
regions.

The evidence in favour of amplification by disproportionate
replication is stronger than that discussed above for unequal SCE.
Disproportionate replication almost certainly does occur in mammalian
cells, for example, following induction by the various agents
described in section 1.5. Whether or not it occurs spontaneously is
unclear.

The differential degree of amplification observed for sequences
in some systems (Ardeshir et al, 1983; Federspiel et al, 1984)
is reminiscent of chorion gene amplification in Drosphila
(Spradling, 1981). A gradient of amplified sequences, similar to
that found by Spradling (1981), was observed in the reversion of a
thymidine kinase-deficient (tk) phenotype of L cells, following
transfection of the cells with a plasmid bearing a truncated,
promoterless tk gene and the subsequent amplification of these
sequences (Roberts and Axel, 1982; Roberts et al, 1983). Gradients
of amplification may be easily accounted for by disproportionate
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replication initiated from a single origin and terminated at varying
distances from that origin. Sequences located most distally to the
origin would be replicated at a lower frequency than those located
proximally to the origin.

As discussed in section 1.3., an origin of replication is
clearly situated near each of the chorion gene loci. Heintz and
Hamlin (1982) found that DNA replication of sequences amplified in an
MTh-resistant CHO line initiated within sequences confined to
specific restriction fragments in digested DNA. It was subsequently
shown that these fragments mapped to a single locus within the
amplified DNA (Heintz et al, 1983). That multiple rounds of DNA
replication from this locus are responsible for amplification during
MTX selection has not been shown.

The amount of DNA amplified per gene copy is of the order
estimated for the length of a replicon in mammalian cells (Edenberg
and Huberinan, 1975). This being so, one might argue that an origin
of replication would be expected, by chance, to be included in each
amplified unit. Alternatively, one could argue that the similarity
in size of mammalian cell amplified units and replicons is due to the
generation of the former by re-replication from designated replicon
origins, ending at, or near the replicon termini.

Disproportionate replication results in multiple copies of DNA
sequences which are not covalently linked to the parental DNA
strands and are thus extrachromosomal (Figure 1.1A). In order to
form the tandemly-repeated structures of which amplified DNA appears
to consist, whether in dm or integrated into a chomosome,
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recombination between the newly synthesised strands of DNA must
occur. This recombination is presumed to be responsible for the
formation of 'novel joints' (see section 1.4.4.).

Botchan et al (1979) proposed a model whereby chromosomallyintegrated SV40 sequences, replicated or amplified in an 'onion skin'
configuration (Sambrook et al, 1975) could recombine out of the
chromosome by the fomation of circular DNA molecules.
I'

SV40 excision has since been shown to occur by recombination between
short regions of homology in the DNA (Bullock and Botchan, 1982).
The single-stranded regions of DNA left by removal of the RNA primer
after replication (Edenberg and Huberinan, 1975) may facilitate
recombination. While similar models have been invoked for
amplification (Schimke, 1982), the fact that SV40 can amplify by
this mechanism does not, by itself, show that analagous mechansims
occur during amplification of mammalian genomic DNA.

Alternative pathways of recombination events which resolve
structures produced by multiple rounds of replication might lead to
the formation of either an integrated, tandemly repeated structure
or an extrachromosomal circle, perhaps analagous to a
dm, containing tandemly repeated sequences.

Roberts

et al (1983), found that a linear, integrated structure was formed
during amplification of transfected DNA upon selection for a tk+
phenotype in L cells. However, comparison of the structure of this
DNA and that generated during selection for drug resistance may not
be useful. Many of the recombination events which occurred during
amplification in the system of Roberts et al (1983) were between
homologous, plasmid sequences. Such sequences are obviously
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absent from normal mammalian cells and may possess recombination
properties distinct from those of repeated sequences in the mammalian
genome. The variety of amplified sequence content and organisation
found in different cell lines derived from the same parental line and
selected for resistance to a single drug (see, for example, Ardeshir
et al, 1983; Bostock and Tyler-Smith, 1981; Caizzi and Bostock,
1982; Federspiel et al, 1984) suggests that there are few, if any,
preferred 'hot-spots' for recombination during amplification in
mammalian cells.

If multiple copies of a sequence are generated by re-replication
from a fixed origin In the DNA, then recombination of the newly
synthesised DNA strands might be promoted by the physical arrangement
of replicating DNA per Se. Pardoll et al (1980) and vogelstein
et al (1980) proposed that there are fixed sites of DNA replication
on the nuclear matrix. It has also been suggested that in
eukaryotes, DNA origins of replication are attached to the nuclear
matrix (Aelen et al, 1983) and that as replication proceeds
bidirectionally, the DNA strands move through the fixed replication
apparatus. If all rounds of DNA replication from one origin occur at
a single site on the matrix, then the physical proximity of newly
synthesised strands may facilitate recombination between such
strands.

Detailed karyotypic analysis of numerous drug-resistant
mammalian cells revealed that amplification is invariably associated
with some form of chromosomal translocation (see, for example,
Andrulls et al, 1983; Biedler et al, 1980; Brennard et al )
1982; Flintoff et al, 1984; Worton et al, 1981). As mentioned

in section 1.4.4., amplified sequences appear to derive, in some
cases, from more than one locus (Ardeshir et al, 1983; Shiloh et
al, 1985).

The movement of amplified sequences is poorly understood. To
account for the amplification of sequences at more than one locus, a
model may be envisaged whereby amplification occurs initially at a
single locus, followed by recombination to give extrachromosonial
sequences, as discussed above. Such sequences might integrate
randomly at a second location and then undergo an additional round of
amplification, along with the new, flanking DNA sequences. This
process might be repeated until a stable, integrated structure possibly recognisable as an HSR - was formed. The selective
advantage of any amplification steps not involved in conferring drugresistance is unclear. It Is possible that amplification of
sequences promoting cellular growth occurs (as, possibly, in
tumourigenic cells).

The strong correlation of translocatlon with amplification led
Flintoff et al (1984) to propose that translocation is a
prerequisite for amplification. They suggested that translocation of
a sequence may place it in a suitable environment for undergoing
unequal SCE. An alternative interpretation of the apparent
correlation is that translocation might remove sequences to an
environment suited to disproportionate replication. For example,
translocations to telomeric regions have been found and telomeres in
yeast have been shown to contain a high density of replication
origins (Chan and Tye, 1983).
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Stark and Wahl (1984) discuss in detail a model, inspired by
analysis of rDNA magnification in Drosophila, whereby movement of
amplified sequences occurs by transposition. They also suggest that
amplification may be initiated by transposition. Replicative
transposition which involves duplication of the entire element is
known to occur in many prokaryotic systems (see Grindley and Reed,
1985, for a review). Although transposition has not been demonstrated
in mammalian cells, sequences resembling bacterial transposons are
present in mammalian genomes (Jelinek and Schmid, 1982). Nonetheless,
transposition of a length of DNA similar to that of a mammalian cell
amplified unit is unprecendented. In Drosophila, however, a
transposable element (TE) has been characterised which is several
hundred kilobases long (Paro et al, 1983) and which appears as an
insertion of one or a few bands in stained salivary gland chromosomes
(Ising and Block, 1981).

Transposition and disproportionate replication may both account
for the generation of multiple copies of a sequence within a single
amplification step. In order to account for the observed formation
of either one or a few large block(s) of amplified sequences within a
cell, the transposition model would require (somewhat without
precedence) that multiple rounds of replicative transposition occur
at a single site. Amplification by transposition might be expected
to result in translocations of chromosomal material. Translocations
need not occur concurrently with disproportionate replication, but
may follow such replication, as discussed above.

None of the models for amplication mentioned above entirely
1.

accounts for all of the observed features of amplified DNA. It is
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possible that more than one mechanism is involved at one time. It
seems likely that different cell lines may favour specific variations
of any mechanism of amplification. Within one cell, different loci
may be predisposed to a particular mechanism of amplification,
depending on the neighbouring DNA sequences and secondary or tertiary
structure.

It is undoubtedly important to study primary amplification
events in order to gain an understanding of the mechanism involved in
generating multiple copies of a sequence. Unfortunately, it is
difficult to identify and isolate cells containing DNA sequences at
early stages of amplification. After identification of a drug—
resistant colony of cells, many generations of cell division have
occurred and it is difficult to determine whether or not secondary
steps of amplification have occurred.

1.6. Approaches to the isolation and mapping of amplified DNA
sequences

1.6.1. General

The aim of the work presented here was to gain insight into the
way in which sequences are amplified in mouse cells selected for
- resistance to MTX. In order to achieve this aim, it is necessary to
have a detailed knowledge of the structure of the amplified DNA at a
molecular level. One quick and simple way to characterise a length
of DNA is by locating the position of the recognition sites for
various restriction enzymes. Since the recognition site for each
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enzyme is dependent on the base sequence of the DNA, digestion of a
given molecule of DNA results in a set of restriction fragments
specific to that molecule. If the size and position of each fragment
within the molecule as a whole is known, then a one-dimensional map
may be constructed for the molecule, using restriction enzyme
recognition sites as 'orientation marks'.

It is not possible to map amplified DNA using the method
described above by a direct analysis of total genomic DNA.

Firstly,

amplified sequences need to be physically separated from the
unamplif led sequences. Secondly, the amplified sequences are too
complex to be analysed in their entirety and must, therefore, be
separated into entities that are small enough to be studied
individually. This is achieved when digestion of each entity
produces a set of restriction fragments simple enough to be resolved
and sized by gel electrophoresis. Each of the above two
requirements may be met by cloning the genómic DNA from the relevant
source into a vector which can be propagated in a prokaryotic host.

For the purposes of this work, both lambda and cosmid libraries
of digested EL4/8 genomic DNA fragments were made. Over 500kb of DNA
(not all contiguous) which is amplified in EL4/8 cells has been
identified, isolated and mapped using restriction enzymes and
hybridisation characteristics.

A large part of the work presented

here has involved overcoming technical problems in both the
identification of recombinant clones containing amplified sequences
and the grouping of these clones on the basis of some shared homology
of the EL4/8 DNA which they contained. Some of the approaches to
these problems are described below and in Chapter 4, Section 4.1.
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1.6.2. The isolation of clones containing amplified DNA
sequences

When working with some tumourigenic or highly drug-resistant
cells, the possiblity exists for physically separating the dm or HSRbearing chromosomes from the remaining chromosomal material. This
would result in a considerable enrichment of amplified DNA sequepces
in the dm or HSR fraction. If DNA from such fractions were to be
cloned, the identification and isolation of recombinant clones
containing amplified DNA sequences would be facilitated.

Amplified sequence DNA has been cloned from dm isolated by
filtration (Caizzi and Bostock, 1982), and differential
centrifugation (George and Powers, 1981). Fluorescence-activated
flow sorting of metaphase chromosomes was used by Kanda et al
(1983) to enrich for the HSR-bearing chromosome in IMR-32 human
neuroblastoma cells prior to cloning.

Problems arise with the use of either of the above approaches to
enrich for amplified sequences when a library of clones containing a
series of overlapping inserts is required - for example, for mapping.
It is not possible to obtain clones with overlapping inserts unless a
partial digestion of the DNA to be cloned is used. In order to
establish the conditions needed to give the desired size-range of
restriction fragments of the DNA to be cloned, several ig of DNA
are required. The yield of dm purified from EL4/8 cells by Caizzi
and Bostock was low (Bostock, pers. comm.). George and Powers (1981)
isolated less than lpg of dm DNA with which to construct their
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library. Using fluorescence-activated flow sorting of chromosomes,
approximately ]JJg of material may be obtained in one day (Bostock,
pers. comm.); Latt et al (1982) obtained 0.5, of DNA from 2.5 x
1o6 chromosomes isolated using FACS. It would therefore be timeconsuming to obtain, by any of the methods described above,
sufficient material to enable the construction of a library
containing partially-digested DNA fragments. The methods were not
considered to be feasible for the work presented here.

There are, however, more fundamental reasons why a library
constructed using DNA from purified dm would not be satisfactory,
because such a library may not be representative of all amplified
sequences present in the originating cell line. Purification of dm by
filtration is selective for small dm. The use of filters with pores
of a diameter allowing the passage of dm of all sizes would not
result in the physical separation of dm and small chromosomes
(Bostock, pers. comm.). It is also the case that large dm are
pelleted with the chromosomal fraction in the first stage of dm
purification by differential centrifugation. Thus physical methods
for purifying dm would inevitably result in the selection of a subpopulation of small dm and, in the absence of knowledge about the
sequence composition of dm of different sizes, random clones of
amplified DNA could not be assumed. For these reasons, the
enrichment of amplified sequences in DNA to be cloned was not used
for the work presented here, nor has it been used by many other
workers involved in determining the structure of amplified DNA in a
variety of systems.

If a library is constructed using the total genomic DNA from a
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cell containing amplified sequences, a method is required whereby the
clones containing the amplified sequences may be identified. Two
main approaches to this problem have been used. The first entails a
step-wise 'walking' procedure, starting from a sequence known to be
present as a single copy in the genome from whose DNA the library has
been constructed. (Obviously, in cells containing amplified DNA,
such sequences are present in multiple copies.) This sequence is
radioactively-labelled and used to probe a genomic DNA library.
Clones containing inserts with homology to the probe are picked.
Clearly, the insert sequences of these clones should be related to
each other, as well as to the DNA used as a probe. Once the order of
the cloned DNA sequences has been determined, the second step of the
'walk' may be initiated. This requires the identification of two
single-copy sequences, one

Tag

near as possible to each end of the

array of sequences covered by the previously isolated clones. Once
isolated, each single copy sequence is used individually to reprobe
the library. The ultimate result of this should be extension of
the initial related group of clones in two directions.

In order to use the single-copy sequences as probes to the
library, they must be separated from any repeated sequences to which
they may be linked in a clone. This separation is commonly achieved
by subcloning a suitable restriction fragment (see, for example,
Federspiel et al, 1984). However, this process is fairly laborious
and may be unnecessary, provided that a clone is available which is
known to contain at least some element of single-copy sequence.

In any sample of denatured DNA, the relative rate of
reassociation of different sequences in that DNA depends on the
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degree to which they are repeated. Thus it is possible, under
suitable conditions, to reassociate radioactively-labelled repeated
sequences and to leave single-copy or low-repeat sequences as singlestranded molecules (personal observation; see also Sealey et al,
1985). If the labelled probe is of low sequence complexity, then
unlabelled, total genomic DNA, from the same source as that of the
probe, must be used in the reassociation in order to differentiate
between the concentration of sequences in the probe which are repeated in the genome and sequences whichare single-copy. The
reassociation should not be allowed to proceed to a Cot value at
which the single-copy sequence in the labelled DNA is more than 50%
reassociated. If the partially reassociated probe is used in a
hybridisation reaction to denatured, filter-bound DNA, the repeated
sequence elements in the probe will not be free to participate, as
they are already double-stranded.

The major alternative strategy to walking which has been used
for the isolation of amplified DNA sequences, involves the random
identification of clones containing amplified sequences (Brison et
al, 1982; Caizzi and Bostock, 1982). This method (the 'random
selection' method) does not rely on the availability and use of a
single-copy sequence probe. Instead, the total DNA from a cell
containing amplified sequences is used as a probe to a library
constructed from the same DNA. The ability to select clones
containing amplified sequences depends on the fact that there are
many more copies of amplified than of non-amplified sequences present
in the genomic DNA used as a probe. One method by which this
characteristic may be exploited is decribed precisely in section 2.10
and is further discussed in Chapter 3. Once clones containing
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amplified sequences have been identified and isolated by the random
selection method, it is necessary to use additional methods to
identify groups of clones which share some, or all, of their cloned
DNA sequences.

Each of the two strategies described above has its own
advantages and disadvantages. The walking strategy is undoubtedly
very time-consuming. This method also requires that every DNA
rearrangement which has occurred during amplification is examined as
it is isolated, regardless of its frequency in the amplified DNA as a
whole. In its favour, the use of this method results in a series of
clones containing contiguous sequences, whose order is largely
determined as isolated.

The random selection method allows the isolation of many clones
containing amplified sequences in only one step. In addition,
maximally amplified sequences will be selected for in preference to
sequences amplified at a lower level in the system being studied. To
elaborate, if amplified DNA Is assumed to consist of a series of
related, repeated units, then the random selection method will tend
to identify clones containing sequences common to every unit
('consensus' sequences), rather than variant sequences present in
only a proportion of the amplified units. Whilst it may be
desirable, or important, to identify the minor variants of amplified
sequence organisation in the long run, their isolation at an early
stage in mapping may confuse and distort the fundamental features of
the structure of amplified DNA.

The major disadvantage of the random selection system is that
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additional experiments need to be done after the initial selection of
relevant clones in order to relate the cloned sequences to one
another. However, these experiments would also provide data which is
required in order to map the restriction fragments present within one
clone and, in many cases, would thus be performed even had the clones
been isolated by using the walking method.
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CHAPTER 2

MATERIAL AND METHODS
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2.1.

General

The materials and methods described in this chapter represent
those finally adopted for the experimental work presented in this
thesis. Methods developed during the course of preliminary experiments and any insignificant variations are omitted.

2.2. Mammalian cell culture
2.2.1. origin of EL4 mouse cell lines

EL4 mouse lymphoma cells were derived in 1945 from a C57 B1/6
mouse, treated with 9,10-dimethyl-1,2-benzanthracene (Corer, 1950).
A study of their cell surface antigens has shown them to be T-cell
derived, since they are Thy-i positive (McKenzie and Potter, 1979).

Selection of methotrexate-resistant lines from EL4/wild cells
was carried out by Alderson as described in Tyler-Smith and Alderson
(1981). EL4/wild cells were plated out in soft agar containing 4.4
X

-8
10 M methotrexate (MDC); resistant clones were then maintained

independently in suspension culture. A step-wise procedure,
increasing the MDC concentration by 2-3 fold at each stage, was used
to select for further MTX-resistance. Final concentrations of MTX
were 1.1 x 10 3M for the lines EL4/8, EL4/11 and EL4/12 and 2.2 x
10 3M for the line EL4/3.

Cytological studies of EL4/8, the cell line used in this work,
showed that the cells typically possessed many dm (Bostock and TylerSmith, 1981). However, during the course of experiments to examine
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the stability of resistance of the cells to methotrexate, one
subculture was observed in which the dm had been replaced by two
abnormal, HSR bearing chromosomes. The cell line derived from this
subculture was used for the work described here.

2.2.2. Maintenance of cells in culture

Cells were grown in suspension culture in RPMI 1640 medium (Flow
Laboratories), supplemented with 10% heat-inactivated foetal bovine
serum (Gibco Bio-cult), 100 units penicillin/ml and lOOjig
streptomycin/ml (Gibco Bio-cult). For EL4/8 cells, the medium was
supplemented with Methotrexate (Lederle and Aldrich Chemical Co.), at
a concentration of 1.1 x 10 3 M. Stocks of MTX were made up in
RPMI 1640, from powder at 2mg/mi, filter-sterilised and stored in the
dark, at 4 ° C.

Cultures were grown in plastic flasks (25, 80 and 175cm 2 ,
Nunc) at 37 0 C and in an atmosphere of 5-10% CO

2'

The

cultures were split and diluted 2-4 fold with fresh medium, every 2-3
days.

Stocks of cells were kept in freezing vials (Nunc) in a liquid
nitrogen storage tank. Cells were stored in batches of 10 6-10 7
in 0.5m1 of freezing medium (5% dimethylsulphoxide, 95% foetal
bovine serum).
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2.3. Preparation of DNA from mammalian cells

- DNA was prepared from cultured mammalian cells using a method
based on that of Gross-Bellard et al (1973). Cells were harvested
In 50m1 polypropylene tubes (Falcon) at 1K RPM, for 5 minutes. The
cells were resuspended and washed once in phosphate buffered saline,
which contains, per litre, 8.Og NaCl, 0.2g KC1, 1.15g Na 2HPO 4 ,
0.2g KH 2PO4 (pH 7.3). A sample with which to estimate
the cell number was removed and the remaining cells repelleted.

The pellet of cells was resuspended in a solution of 10mM TrisHC1 (pH 8.0) and 10mM EDTA. The volume of buffer used was such that
the DNA would be at a concentration of approximately 150g/in1
(assuming 6 x 10 12 g DNA per cell). Auto-digested pronase
(Calbiochem-Boehringer Corpn.) was added to a final concentration of
lOOpg/ml, followed by SDS, to 0.5%. The mixture was left overnight
at 37 ° C, on a roller machine.

The lysate was extracted twice with one volume of buffered
phenol (PH> 7.6), containing 0.1% 8-hydroxyquinoline and 0.2% (v/v)
-mercaptoethanol (prepared as described by Maniatis et al,
1982). A single extraction with one volume of chloroform!
iso-ainylacohol (24:1) was performed and 3M sodium acetate added to a
final concentration of 0.3M. 2.5 volumes of 96% ethanol (EtOH) were
carefully layered on top of the solution and the DNA precipitating at
the interface was wound out on a glass rod. The DNA was resuspended
in a solution of 0.1.x saline sodium citrate (SSC), containing 2pM
EDTA (1 x SSC contains 150mM NaCl and 15mM tn-sodium citrate). Heattreated Rase was added to. a final concentration of 5Opg/tnl and the
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solution left at 37 0 C for 1-4 hours, on a roller-machine. After
this time, a second pronase digestion was carried out, as described
above. One further extraction with phenol, followed by extractions
with chloroforrn/iso-amylalcohol were performed, until no residue was
visible at the interface. The DNA was precipitated as described
above, washed in 70% EtOH, dried and resuspended in a solution of
Tris-EDTA (TE: 10mM Tris-HC1, pH 7.5 and 1mM EDTA). The yield of DNA
was generally estimated by reading the 0D 260 of a sample of the
final solution. (A DNA solution of 50ig/ml has an 0D 260 = 1.)

2.4. Bacterial culture and media

Details of strains used for this work are given under the
appropriate Sections, 2.6 and 2.7.

All bacterial strains were

stored at -70 ° C in the appropriate growth medium (see below) and
20-50% glycerol. Cultures to work with, grown from a single colony,
were stored at a two-fold concentration in 10mM MgSO 4 , at
4 °C, for a maximum period of two weeks.

Strains Q358 and Q359 were cultured on CY agar and in T broth,
except in the case of large-scale culture for X DNA preparation,
when L-broth was used. Strains ED8767, BHB2688 and BHB2690 were
cultured on L-agar and in L-broth. Maltose was added to a final
concentration of 0.4% to cultures to be infected with bacteriophage
A particles.

CY agar (pH 7.2) contains, per litre, log casamino acids, 5g
yeast extract (both Difco), 3g NaCl, 2g KC1 and log agar (Difco). T-
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broth (pH 7.0) contains, per litre, log tryptone (Difco) and 8g NaCl.
L-broth (pH 7.2) contains, per litre, log tryptone, 5g yeast extract,
2.46g MgSO 4 and log NaCl. L-agar contains, in addition, 15g of
agar per litre. Top C?- or L-agar or agarose were made by adding
6.5g per litre of agar or agarose to the appropriate medium.

Where appropriate, antibiotics were added to broth and to agar.
The sodium salt of ampicillin (Sigma) was made up in distilled water
at a concentration of 25mg/mi, filter-sterilised and stored at -20 °C.
It was used at a final concentration of 5ojg/ml in L-agar plates and
25pg/ml in liquid culture. The hydrochloride salt of tetracycline
(Sigma) was made up as a 1000 x stock in ethanol/water (50% v/v), at
a concentration of 12.5mg/nil and stored at 20 0 c. Plates and
media containing tetracycline were stored in the dark,' as the
molecule is light-sensitive.

Bacterial cultures were grown in an orbital incubator, at
37 ° C, unless otherwise stated. Rotation at 150-200 rpm was used
to provide good aeration for the cultures.

2.5. Preparation of DNA from prokaryotic sources
2.5.1. General

Rapid preparations of DNA from 5ml cultures or lysates were
generally used for the analysis of DNA from recombinant clones (in
bacteriophage A or cosmid vectors). The methods of such
preparations are described In Sections 2.5.3 and 2.5.5. For some
purposes, larger amounts of pure, recombinant DNA were required. In
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such cases, as in the preparation of vector DNA to be used in
cloning, 0.5-1.0 litre cultures or lysates of the appropriate clone
were used; the method of preparation was then as described in either
Section 2.5.2 or Section 2.5.4.

2.5.2. Large-scale preparation of bacteriophaeX DNA

One of two methods was used to prepare 0.5-1.0 litre of
bacteriophage lysate. In the first method (Cooke, pers. comm.), a
culture of the host bacterium (Q358, for the purposes of this work),
in L-broth and 0.4% maltose was grown to an 0D 600 of 0.5; such a
culture was assumed to contain 2-4 x 1o 8 cells/mi. The culture
was then inoculated with approximately one bacteriophage per
bacterium. Lysis occurred within 6 to 8 hours of further incubation.

In the second method (Blattner et al, 1977), an aliquot of
1010 bacteria was taken, pelleted and resuspended in 3m1 of
bacteriophage storage medium (ØSM; this contains, per litre, 5.8g
NaCl, 2g MgSO 4 , 50m1 1M Tris-HC1, pH 7.5 and 5m1 2% gelatin). 5
x 1o 8 bacteriophage particles were added and the mixture
incubated at 37 °C for 30 minutes, to allow adhesion of the
bacteriophage to the bacteria. The infected aliquot was then added
to 500m1 of L-broth and incubated at 37 °C, overnight. Lysis
occurred by 14 hours.

DNA was purified from the bacteriophage lysate using a modified
version of the method of Yamamoto et al (1970). lOmi of chloroform
was added to each 500m1 culture after lysis had begun. The culture
was left to shake for a further 10-20 minutes, to assist lysis.
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NaCl was then added to a concentration of 0..5M. The cell debri was
pelleted in glass bottles at 5K rpm in a GSA rotor, using an RC-5
centrifuge (Sorvall). Polyethylene-glycol (PEG) 6000 was added to
the supernatant at a concentration of 70g/litre. The PEG was
dissolved at room temperature (RT) and the solution then left to
stand for a minimum of one hour, at 4 ° C, to allow the bacteriophage particles to be precipitated. The precipitate was spun down in
glass bottles for 30 minutes at 4K rpm and then resuspended in a
total volume of •lOml PM, per litre of culture. The suspension was
extracted 2-3 times with choloroform. CsC1 was added at a
concentration of 0.75g/ml and the solution spun overnight in a 13.5m1
polyallomer tube (Kontron), at 33K rpm in a fixed-angle TFT 65.13
rotor (Sorvall), using an OTD-50 ultracentrifuge (Sorvall). The
bacteriophage band was drawn out through the side of the tube using a
syringe.

The bacteriophage suspension was dialysed against several litres
of buffer containing 10mM Tris-HC1, pH 7.4, 5mM MgC1 2 and 100mM
NaCl. To extract the DNA, the dialysed bacteriophage were firstly
brought to 0.2% SDS, 10mM EDTA and heated to 65 °C for 15
minutes. Pronase was then added to a final concentration of 50ug/nil
and the solution incubated at 37 ° C, for one hour. A series of
phenol, phenol/chloroform (1:1) and chloroform extractions were
carried Out and the DNA then precipitated with 2.5 volumes of 96%
EtOH. The precipitate was resuspended in TE.

2.5.3. Small-scale preparation of bacteriophage X DNA

A 5m1 lysate of the appropriate recombinant bacteriophage
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clone was obtained using a modification of the method described by
Leder et al (1977). A capillary tube was used to pick a plaque
from an agar plate into 50iL of the correct bacterial stock, in a
50m1 polypropylene tube (Falcon or Corning). The tube was incubated
at 37 °C for 15 minutes. 5m1 of - L-broth were added and the
mixture was then incubated overnight at 37 °C, with agitation.
0.1m1 of chloroform was added to the lysate obtained; the mixture
was shaken and then spun for 15 minutes at 2.5K rpm and 4 ° C.

lini of a solution of 50% PEG 6000 and 2.5M NaCl was mixed with
the supernatant and the solution incubated at RT for 5 minutes.
The PEG precipitate was collected by centrifugation at 2.5K for 15
minutes.

After thoroughly draining off the supernatant, the pellet was
resuspended in 0.1ml QSN. The suspension was then transferred to a
1.5m1 Eppendorf tube and extracted 2-3 times with one volume of
chloroform. DNase and RNase were each added to a final concentration
of 20Jg/tnl and the mixture incubated at 37 0 C for 60 minutes.

The DNA was recovered by a series of phenol, phenol/chloroform
(1:1) and chloroform extractions. 2.5 volumes of 96% EtOH were added
and the tubes stored at -70 0 C for 30 minutes. The precipitated
DNA was collected by spinning for 10 minutes in an Eppendorf centrifuge. It was then washed in 70% EtOH, repelleted, dried and
resuspended in 50ji1 TE.
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2.5.4. Large-scale preparation of plasniid and cosmid DNA

plasmid and cosmid DNA were prepared on a large-scale using a
method based on that of Birnhoim and Doly (1979). 500m1 of L-broth,
containing the appropriate antibiotic, were inoculated with a single
colony containing the desired cosmid or plasmid and then incubated
for 16-18 hours at 37 °C. The cells were harvested at 3K rpm for
5 minutes in polysulfone bottles, using a GSA rotor and RC-5
centrifuge.

After draining, the pellets were resuspended in a total volume
of 18m1 of solution I (50mM glucose, 10mM EDTA and 25mM Tris-HC1, pH
8.0). 2m1 of a 20mg/mi solution of lysozyme (Sigma), made up in
solution I, were added and the mixture left at RT for 10 minutes.
40ini of freshly made solution II (0.2M NaOH, 1% SDS) were then added
and the mixture left on ice. After 10 minutes, 20m1 of cold solution
III (3M potassium acetate, 2M acetic acid, pH 4.8) were mixed in.
After 15 minutes, the resulting precipitate was pelleted at 8K rpm
for 5 minutes. The supernatant was filtered through a tea-strainer
into a measuring cylinder and 0.6 volume of isopropanol added. The
mixture was left to stand at RT for 5-10 minutes; the precipitate
formed was then pelleted at 8K rpm for 10 minutes.

The pellets were drained thoroughly and, once dry, were
resuspended in lOmi TE. The solution was neutralised using Tris base
and made up to 12m1 with TE. 13.4g of CsC1 were dissolved into the
solution and 1.4m1 of a lomg/ml ethidium bromide (EtBr) solution
mixed in. The refractive index of the resulting solution was
1.393. The solution was transferred to a 17m1 polyallomer tube
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(Sorvall) and centrifuged overnight at 40K rpm, 20 ° C, in a
vertical TV-865B rotor (Sorvall), using an OTD-50 ultracentrifuge.

After centrifugation, the tube was illuminated using a long wave
U.V. lamp (300nm) to visualise the plasmid band. The latter was
drawn Out through the side of the tube using a syringe. The EtBr
was removed from the plasmid solution by extracting 5-6 times with
an equal volume of CsC1-saturated isopropanol. After adding three
volumes of 70% EtOH, the DNA was left to precipitate at -70 °C
for 10 minutes and was then pelleted and resuspended in TE.

-

2.5.5. Small-scale preparation of cosmid DNA

Cosmid DNA was prepared on a small-scale using essentially the
modification by D. Ish-Horowicz of the alkaline-lysis method of
Birnboim and Doly (1979). A 5m1 culture of the appropriate cosmid
colony was grown upovernight in L-broth, containing 50ig/ml
ampicillin. The cells were harvested at 2.5K rpm, 4 ° C, for 10
minutes and the pellet resuspended in 129ol of solution I. (See
Section 2.5.4. for the composition of solutions I, II and III.) The
suspension was transferred to a 1.5ml Eppendorf tube.

Lysozyme was made up in solution I at a concentration of 20mg/ml
and 20wl added to the cell suspension. After vortexing, the mixture
was incubated at RT for 5 minutes. 400jjl of solution II were
mixed in by sharply inverting the Eppendorf tube, several times.
After incubating on ice for 10 minutes, 300jjl of solution III were
added; the tube was then vortexed and left on ice for a further 10
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minutes. The resulting precipitate was spun down in an Eppendorf
centrifuge for 5 minutes. The supernatant was extracted once with
phenol/chloroform (1:1) and then 06 volume of isopropanol was added
to the aqueous phase. The precipitate was pelleted at RT, washed
in 70% EtOR, repelleted, dried and resuspended in 50jl TE.

2.6. In vitro packaging of bacteriophage A DNA
2.6.1. General

The strains BHB2688 (N205 recA [A inun 434 , clts, b2,
red, Earn, Sam]/A) and BHB2690 (N205 recA

[ x imiu434 , clts,

b2, red, Darn, Sam]/X) (Hohn and Murray, 1977; Hohn 1979), were
used to prepare the packaging mixtures. The E gene product is the
major head protein of bacteriophage X. On induction, the strain
BHB2688 will accumulate all the components of the viral capsid, but
due to the amber mutation in the E gene, which leads to a nonfunctional E protein, it is unable to assemble them. The D protein
is also required for mature head-formation and for insertion of DNA
into the head; the Dam strain BHB2690 therefore accummulates
immature head particles. A mixture of extracts from the two strains
is complementary and thus allows mature head formation, followed by
packaging of suitable DNA into the heads.

2.6.2. Strain verification

BH32688 and BHB2690 were verified by, firstly, streaking out
each stock onto two L-agar plates and incubating one at 32 ° C and
the second at 42 0 C. Growth occurred at the former, but not the

latter temperature, showing the strains to possess the temperaturesensitive mutation of the x-repressor gene, ci. Since the gene
product is inactivated at 42 ° C, the cells will not be lysogenic
at this temperature and colonies may not be formed.

Secondly, the strains were shown to be U.V.-sensitive and thus
recA.

Small, rather than large colonies were used for

inoculating cultures when preparing packaging mixtures, as recA
strains grow more slowly than would recA+ revertants.

2.6.3. preparation of freeze-thaw-lysate and sonicated extract
from strains BHB2688 and BHB2690

Extracts from induced cultures of BHB2688 and BHB2690 were
prepared by disrupting the cells by freezing and thawing (BHB2688)
or by sonication (BHB2690).

The freeze-thaw-lysate (FTL) from BHB2688 was prepared in the
following way. Three two-litre flasks, each containing 500m1 of Lbroth, were inoculated with an overnight culture (grown at 32 0C)
of BHB2688, to give an 0D 600 0.1. The cultures were then
grown for a further 2-3 hours at 32 ° C until an 0D 600 = 0.3
was reached. The lysogens were induced by swirling the flasks in a
water bath at 45 ° C, until the cultures reached a temperature of
42 ° C; the flasks were incubated at this temperature for 15
minutes and then at 37 ° C for two hours. Success of induction
was tested by looking for lysis after adding a few drops of
chloroform to a sample of the culture.

The cells were cooled on ice and then harvested at 9K rpm for 10
minutes, in a GSA rotor and RC-5 centrifuge. The pellets were
drained and resuspended in a total of 3m1 of a solution of 10%
sucrose, 50mM Tris-HC1, pH 7.5. After dispensing 1.5m1 into each of
two lOmi Oakridge ultracentrifuge tubes, 75jil of a lysozyme solution
(2mg/mi in 0.25M Tris-HC1, pH 7.5), was mixed in. The mixtures were
frozen in liquid nitrogen and stored overnight at -70 ° C.

On the next day, the lysate was thawed on ice and 75ji of buffer
Ml, consisting of 10mM Tris-HC1, pH 7.5, 30mM spermidine, 60mM
putrescine (both neutralised with Tris base), 18mM MgC1 2 , 15mM
ATP (neutralised with NaOH) and 0.2% (v/v) -mercaptoethanol,
were added to each tube. The solutions were spun at 35K rpm,
0
4 C, for 35 minutes in a fixed-angle, titanium SP1423 rotor (MSE)
using an MSE75 ultracentrifuge. 55ji1 aliquots of the supernatant
were dispensed into pre-cooled segments of a plastic straw, frozen on
liquid nitrogen and stored in freezing-vials (Nunc) in liquid
nitrogen tanks.

Sonicated extract (SE) from BHB2690 was prepared from one 500m1
culture, grown and induced as described above, for BHB2688. After
pelleting, the cells were resuspended in a total of 3.6m1 of a
solution of 20mM Tris-HC1, pH 8.0, 3mMM MgCl 2 , 1mM EDTA, 0.05%
(v/v) -mercaptoethanol (Buffer A). The suspensions were pooled
in a single lOmi polycarbonate tube (MSE) and sonicated on ice, using
a Dawes sonicator, until clear and decreased in viscosity. The debri
was pelleted at 6K rpm, 4 °C, for 6 minutes, using an SS-34
Sorvall rotor and an RC-5 centrifuge. The supernatant was dispensed
and stored in 35jl aliquots, as described above.
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2.6.4. packaging reaction

Suitable DNA was packaged by mixing the following solutions in
the given quantities and order: 7jjl buffer A, a maximum of 0.5ig DNA
in a volume of 1-2jl, 2jl buffer Ml, 6jl SE and lOp]. FTL. (The SE
and FTL were thawed and spun down just before use.) After incubating
the mixture at RT for 60 minutes, 500pl OSM were added. The
resulting solution was stored over chloroform at 4 0 C until used
for infecting the appropriate bacterial hosts.

2.7. Preparation of recombinant DNA libraries
2.7.1. Vectors and host strains used in library construction

For the purpose of this work, two libraries of partially
digested, total genomic DNA from EL4/8 cells were made. DNA digested
with BamHI was cloned into the bacteriophage A replacement vector,
ENBL3 (Frischauf et al l 1983). The non-recombinant vector was
grown on the Escherichia coli K12 host, Q358 (Yarn et al, 1980).
Recombinant bacteriophage were selected on the P 2 lysogen, Q359
(Yarn et al, 1980). Bacteriophage P 2 produces a diffusible
substance which interferes with infection of wild-type A and
related strains, including EMBL3. However, in recombinant ENBL3
molecules, the part of the genome responsible for giving
sensitivity to P 2 interference (Spi phenotype) is replaced by the
target DNA; such spCstrains may therefore be selected for on p 2
lysogens (Lindahi et al, 1970).

EL4/8 DNA digested with Hindlil was cloned into the cosmid
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vector, pJB8 (Ish-Horowicz and Burke, 1981). The non-recombinant
cosmid is grown in HB1O1 cells. (HB101 is an E.coli K12 x E.coli
B hybrid, genotype F, hsd S20 (rB, mB), recA13,
ara-14, proA2, lacyl, gal K2, rps L20 (sm ' ), xyl-5, mtl-1, supE 44 ,
X; Boyer and Rouland-Dussoix, 1969 and Bolivar and Bademan,
1979). Recombinant, packaged cosmids were selected on ED8767
(recA56, sup E, sup F, hsd S R+ M+, met; Murray et
al, 1979) in the presence of 25-50.ig/in1 ampicillin.

2.7.2. Preparation of vector arms from EMBL3 DNA

The two ends of the EMBL3 DNA molecule, one of each of which is
required to make a packagable molecule after ligation to the target
DNA, are the 19.389 kb left arm and 9.248 kb right arm. These arias
were prepared from EMBL3 DNA by digestion firstly with EcoRI and
secondly with BamHI. The DNA was then precipitated with isopropanol,
to remove the small polyll.nker fragment released by this double
digestion, thus reducing competition of the stuffer fragment for arms
in the ligation reaction to the target DNA.

2.7.3. Preparation of pJB8 DNA for cloning

pJB8 DNA was prepared for cloning using the method described by
Ish-Horowicz and Burke (1981). The preparation is such that in the
ligation reaction with the dephosphorylated target DNA only one type
of molecule, i.e. cosmid 'left' arm-target-cosmid 'right' arm, is
produced which is capable of acting as a substrate in the in vitro
packaging reaction.
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Two aliquots of pJB8 DNA were cleaved with either PvuII or
BainHI. After checking for complete digestion, the resulting linear
molecules were dephosphorylated, as described in Section 2.7.5. Each
batch of DNA was then digested with Hindlil. After the digested DNA
has been EtOH-precipitated and the pellet resuspended in TE, the
required amount of each mixture of cosmid arms was used in the
ligation reaction with target DNA.

2.7.4. partial digestion of EL4/8 DNA

Target DNA, from EL4/8 cells, was prepared for cloning into the
X vector, EMBL3, or the cosmid vector, pJB8, using a partial
digestion with BamHI or Hindill, respectively. To establish the
conditions required to give the maximum number of molecules between
15 and 23kb (for EMBL3 cloning) or between 33 and 50kb (for pJB8
cloning), EL4/8 DNA was initially digested for one hour using BamHI
or Hindill over a range of 2 to 0.15 units/'g DNA (Maniatis et al,
1982). The digests were analysed for the size distribution of the
fragments which they contained by running each sample alongside
Hindill and XhoI-digested X DNA on a 0.5% agarose gel. 200pg of
DNA were then digested using enzyme at the three activities below, at
and above half the activity giving the most intense fluorescence on
staining with EtBr, in the above experiment. Intensity of
fluorescence is related to the mass distribution of DNA; the maximum
number of DNA molecules is obtained by using half the activity of
enzyme necessary to give maximal fluorescence in the chosen size
range (Seed et al, 1982).
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2.7.5. Size selection of partially-digested DNA

DNA obtained from partial digests was further size-selected by
one of two methods. To select DNA for the EMBL3 library, the
digestion products were run on a horizontal, 0.5% agarose gel at 1-2
v/cm. The running buffer was 1 x TAE (Tris-acetate buffer: 40mM
Tris-acetate, pH 8.0, 0.2mM EDTA); EtBr was added at a concentration
of 0.5g/ml.

After running, a slice containing DNA of the required size was
cut out of the gel, inserted into dialysis tubing in a small volume
of 0.5 x TAE, clipped at each end and the DNA electroeluted from the
gel slice at 80v, for 2-3 hours. At the end of this period, the
current was reversed for 60 seconds to release DNA bound to the
dialysis tubing into the buffer. The buffer inside the tubing was
removed and loaded onto a prepared Elutip-d column (Schleicher and
Schuell). These columns may be used to purify and concentrate DNA of
a size range from 50-50,000 bp. The columns are prepared by washing
with a high salt solution (1.OM NaCl, 20mM Tris-HC1, pH 7,4, 1.0mM
EDTA) and then priming with a low salt solution (0.2M NaCl, 20mM TrisHC1, pH7.4, 1.0mM EDTA). The DNA was eluted by passing 0.4m1 of high
salt solution down the column. From this, the DNA was recovered by
precipitation with 2.5 volumes of 96% EtOH.

DNA for the cosmid library was size-selected using a sucrose
gradient (Maniatis et al, 1978). A gradient former was used to
make a 10-40% sucrose gradient in a 36m1 polyallomer tube (Sorvall).
The sucrose solutions were made up in 100mM NaCl, 10mM Tris-HC1, pH
8.0 and 10mM EDTA. The partially-digested DNA was phenol/chloroform
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extracted, EtOH precipitated, resuspended in 200pl TE, heated, to
68 °C for 10 minutes and then rapidly cooled, before loading onto
the gradient. A maximum of 100ig of DNA was loaded per gradient. The
gradient was spun at 45K rpm, 10 ° C, for 2.75 hours in a TV850
vertical rotor (Sorvall), using an OTD-50 ultracentrifuge.

The gradient was fractionated using a Buchner pump and 25l
samples from alternate fractions loaded onto a 0.5% agarose gel to
determine the size of the DNA. The relevant fractions were pooled
and the DNA recovered by EtOH precipitation.

2.7.6. Dephosphorylation of DNA

Calf intestine akaline phosphatase (CAP) may be used to remove
the phosphate group from the 5' end of a DNA molecule (Chaconas and
van de Sande, 1980). The enzyme was used during the course of this
work to limit the type of ligation reactions possible during cloning.
Dephosphorylation of size-selected target DNA was particularly
important, to prevent the ligation of non-contiguous fragments of DNA
from the EL4/8 genome.

Dephosphorylation was carried out for 1 hour at 37 ° C, in a
solution of 50mM Tris-HC1, pH9.0, 10mM MgCl 2 , 1mM ZnC1 2 and
10mM spermidine. The enzyme was inactivated by heating to 68 °C
for 15 minutes in the presence of 0.5% SDS. Two phenol/chloroform
and two chloroform extractions were then carried out and the DNA
recovered by precipitation with EtOH. Dephosphorylation was
monitored by testing for the inability of the treated DNA to selfligate.
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2.7.7. Ligation of DNA molecules

The enzyme ligase, isolated from E.coli infected with
bacteriophage T4, catalyses the formation of a phospho-diester bond
between an adjacent 3 1 -hydroxyl group and 5 1 -phosphate group in DNA
(Weiss et al, 1968). T4 ligase may thus be used to unite
complementary, cohesive termini on double-stranded DNA molecules,
once base-pairing has occurred.

Ligation reactions were carried out overnight, at 15 ° C. The
ligation buffer used contained 66mM Tris-HC1, pH 7.5, 5mM MgC1 2 ,
5mM DTT and 1mM ATP; 0.5-2.0 units of T4 ligase (Amersham) were
added per ligation reaction.

A molar ratio of 2:1 for the ligation of cohered lambda arms to
target DNA was used, at a total DNA concentration of 0.2-0.4mg/mi.
During the preparation of recombinant cosmids, a 2-6 fold excess of
prepared vector arms over target DNA was used in the ligation
reaction. An aliquot of each reaction was analysed by gel electrophoresis to test for successful ligation.

After ligation of vector to target DNA, lii aliquots of the
ligation mix were packaged in vitro, as described in Section 2.6.4.

2.7.8. Library amplification and storage

Amplification of the recombinant EMBL3 library was carried out
by plating approximately 7.0 x 10 pfu onto a 20 x 20cm agar
plate, using the recombinant-selective bacterial host, Q359. After
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incubating the plate overnight at 37 ° C, the top agar was scraped
off and shaken in succession with 2 batches of 25m1 L-broth at
37 ° C, for 1.5-3 hours. Each supernatant was reserved after
pelleting the debri; the two supernatants were amalgamated, titred
for pfu and stored over chloroform in sterile glass bottles, at
4 ° C.

It was observed that the EMBL3 library did not contain equal
representation of different recombinant clones; this may have been
due to the difference in growth rate of the clones during the
amplification step. For this reason, the cosmid library was not
amplified. Instead, the products from the packaging reactions, in
SM, were amalgamated and stored over chloroform, at 4 ° C.

2.8. Immobilisation of DNA on nitrocellulose filter paper
2.8.1. Transfer of DNA from bacteriophage X plaques to
nitrocellulose filters

Replica filters of the DNA from bacteriophage plaques were made
using the method described by Benton and Davies (1977).

The desired titre of bacteriophage pfu was mixed with 80O.i1 (20
x 20cm agar plate), or lOOpl (9cm diameter agar plate), of a fresh
stock of Q358 and incubated at 37 ° C for 30 minutes, to allow
attachment of the bacteriophage particles to the host cells. The
mixture was added to 25m1 (20 x 20cm agar plate), or 2.5m1 (9cm
diameter agar plate), of molten (47 ° C) CY top-agarose and then
poured onto the appropriate, pre-dried, petri dish. The plate was
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incubated at 37 ° C for 14-18 hours, to allow plaques to form.

Before making replicas from the plates, they were placed at
4 ° C for a minimum time of 30 minutes, to allow the agar and
agarose to harden.

A dry nitrocellulose filter (Schleicher and Schuell) was
carefully lowered on to the plate using forceps, taking care to
avoid the formation of air-bubbles. The filter was left on the plate
for 2-4 minutes, during which time an asymmetric pattern of dots was
made on the filter and agar/agarose by piercing the filter with a
needle dipped in Indian ink. This pattern was marked on to all
replicas made, allowing orientation of one filter with respect to
another and with the plate; thus identification of any particular
plaque was possible.

The filter was carefully peeled off the agarose and floated,
upside down, on a solution of 0.5N NaOH, 1.5M NaCl, in order to
denature the DNA. After 1-2 minutes, the filter was removed to a
neutralising solution (0.5M Tris-HC1, pH 5.0, 3.OM NaCl) for a
further 1-2 minutes. Finally, the filter was washed in 2 x SSC,
blotted dry between Whatman 3MM paper and baked for 2 hours at
80 ° C, in a vacuum oven.

2.8.2. Transfer and binding of DNA from cosmid colonies to
nitrocellulose filters

Three methods were used to transfer and bind cosmid DNA to
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nitrocellulose filters. The first two methods involved growing
colonies directly onto nitrocellulose; in such cases, the filters
were pre-washed in three rinses of distilled water at 90 °C, to
remove detergent and then irradiated with shortwave U.V. light, to
further sterilise the filters.

In the first method, DNA molecules packaged into bacteriophage

A. particles were adhered to the host bacteria, ED8767, as
described in the previous section. The mixture was then plated
directly onto a nitrocellulose filter (Hanahan and Meselson, 1980),
using a vacuum pump to suck the liquid through the filter. The
latter was then carefully laid onto an L-agar/ampicillin plate and
the plate incubated at 37 °C until small colonies had formed (1012 hours). Replicas were made from this 'master' filter by removing
the filter from the agar onto a sheet of UV-irradiated Whatman 3MM
paper and overlaying it with a second sheet of washed nitrocellulose, pre-moistened in L-broth, followed by a second sheet of
Whatman 3MM. A Bakelite rolling pin was then rolled firmly across
the filters several times. After marking the filters with Indian
ink, they were peeled apart and placed onto L-agar/ampicillin plates.
The plates were incubated at 37 ° c until the colonies reached
their original size (2-4 hours).

In the second method, a modification of that described by
Grunstein and Hogness (1975), cosmids were plated at low density in
top agar, by a method exactly analagous to that described for
bacteriophage A. Individual colonies were picked, using sterile
toothpicks, into a microwell dish (Nunc) containing lOOijl of L-broth
and ampicillin per well. The dish was incubated at 37 ° C for 14-
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18 hours. 100,Jl of sterile glycerol was mixed into each well and the
cosmid stocks stored at -70 °C.

A replica tool was used to transfer a sample from each well on
to a nitrocellulose filter laid on an L-agar/ampicillin plate. The
plate was incubated until colonies were visible (10-18 hours).
Generally, two replicas were made from each microwell dish.

DNA was bound to the nitrocellulose filter in the same way for
both of the methods described above (G'runstein and Hogness, 1975).
Four sheets of Whatman 3MM paper were cut, each placed in a 20 x 20cm
petri dish and then soaked in one of the four following solutions:
10% SDS; a denaturing solution (0.5M NaOH, 1.5M NaCl); a
neutralising solution (0.5M Tris-HC1, pH 5.0, 3.OM NaCl) and 2 x SSC.
The nitrocellulose filter was laid, colony-side up, on each of the
four soaked papers for 3-5 minutes, in the order given above. The
10% SDS helps to give a sharper hybridisation signal and may work by
limiting DNA diffusion during the ensuing steps (Maniatis et al,
1982). The filter was air-dried at RT for 30 minutes and then
baked at 80 ° C in a vacuum oven, for 2 hours.

The third method used for binding cosmid DNA to nitrocellulose
filter paper was dot-blotting (B. Smith, pers. comm.). DNA from
individual cosmid colonies was prepared on a small-scale, as
described in section 2.5.5. A 2il sample of the DNA was run on a gel
to estimate the yield, so that equal amounts of DNA from different
samples could be dot-blotted.

The samples were loaded into a microwell dish, adding distilled

MUM

water to a total volume of 25l. lOOjjl of denaturing solution (0.5M
NaOH, 0.025M EDTA) were added and the resulting mixture left for 2-5
minutes. 75jl of neutralising solution (3M NH 4 OAc, pH 5.5),
followed by 5-10.J. of a solution of EtBr (lOopg/inl) were thoroughly
mixed in, using sterile toothpicks.

The dot-blotting apparatus was fitted with one sheet of
nitrocellulose filter paper and two sheets of Whatman 3MM paper, all
pre-wetted in 2 x SSC. Every prepared DNA solution was used to make
two dots of lOOjjl each, on two halves of the filter paper, so that a
pair of duplicate filters was produced. Each solution was loaded
using a graduated capillary tube (Supracaps). After loading each row
of samples, a gentle vacuum was applied to the apparatus to draw any
liquid remaining in the capillary tubes through the nitrocellulose.
The filter was rinsed in 2 x SSC before baking as described above.

2.8.3. Transfer of DNA from agarose gels to nitrocellulose
filters

DNA was transferred from agarose gels to nitrocellulose filters
as described by Southern (1975).

Photography of gels, using illumination by U.V. irradation at
254nm, introduces single-stranded nicks into the DNA. This reduces
the size of the DNA molecules, once denatured and facilitates their
movement out of the gel during transfer. Since all gels were
stained with EtBr and photographed before transfer, a depurinatlon
step was not necessary for unidirectional transfer of DNA. After
photography, the gel was placed in a solution of 0.5M NaOH, 1.5M
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NaCl, for 45-60 minutes at RT, to denature the DNA. The gel was then
rinsed in distilled water and transferred to a gel neutralising
solution of 0.5M Tris-HC1, pH 5.0 and 3.OM NaCl, for 1-2 hours at RT.

The gel was then carefully placed onto the surface of a blotting
apparatus, soaked in 20x SSC. A nitrocellulose filter, pre-wetted in
2x SSC, was laid on top of the gel, taking care to avoid the
formation of air bubbles. The edges of the gel and filter were
overlaid with strips of Nesco-film, to prevent short-circuiting of
the 20x SSC into the paper towels used to draw liquid through the
gel. A sheet of Whatman 3MM filter paper, soaked in 2x SSC, was laid
on top of the nitrocellulose and this was then topped with a thick
layer of paper towels. The towels were lightly weighed down with a
glass plate and bottle.

After 16-20 hours of transfer, the filter was removed, washed in
2x SSC and baked between two sheets of Whatman 3MM paper, as
described previously.

Transfer was normally unidirectional. Occasionally, when
duplicate filters were required, bi-directional transfer was carried
out (Maniatis et al, 1982). Two additional steps were used.
During bi-directional transfer, the only liquid available to assist
DNA movement comes from within the gel and the process is therefore
somewhat less efficient than unidirectional transfer. To maximise
DNA movement, the gel was soaked in 0.25M HC1 for 20 minutes at RT,
before denaturing.

This step depurinates the DNA, resulting in

smaller fragments which transfer more easily than large ones. In
addition, the gel was soaked in lOx SSC for 15 minutes after
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neutralisation and before transfer.

2.9. DNA Analysis
2.9.1. Restriction endonuclease digestion of DNA

The restriction enzymes BamHI, EcoRI, Hindlil, KpnI, PvuI, PvuII
and XhoI were all used during the course of this work and were
purchased from either Amersham International plc, or Bethesda
Research Laboratories (BRL), or Boehringer Corporation (London)
Ltd (BCL: Boehringer Mannheim), or New England Biolabs.

Restriction enzyme digestion of DNA was carried out in either a
high, medium, or low salt buffer (Maniatis et al, 1982), as
recommended by the enzyme manufacturer. All three buffers contain
10

MgC1 2 and DTT at a concentration of 10mM and 1mM, respectively.
In addition, high salt buffer contains 100mM NaCl and 50mM Tris-HC1,
pH 7.5; medium salt buffer contains 50mM NaCl and 10mM Tris-HC1, pH
7.5 and low salt buffer contains 10mM Tris-HC1, pH 7.5. Generally,
gelatin and spermidine were also added, to final concentrations of
0.1mg/mI and 4mM, respectively.

All restriction enzyme digests were carried out in sterile
Eppendorf tubes, at 37 °C. For most reactions, conditions giving,
theoretically, a 2-10 fold excess of digestion were used. To digest
mammalian genomic DNA, one fifth of the amount of enzyme required to
give complete digestion in one hour was generally added to the sample
to be digested and the mixture incubated overnight, to ensure
complete digestion.
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When it was necessary to digest a DNA sample with two different
enzymes, the two reactions were carried out in succession. After the
first reaction, an aliquot was run on a gel to check that digestion
was complete. If the second enzyme required a different buffer from
the first, the DNA was then precipitated out and resuspended in the
correct buffer. If a buffer of the same salt concentration was
required, the second enzyme was added directly to the initial
mixture.

Reactions were generally stopped by either freezing the sample
at -70 ° c or at -20 ° C, or EtOR-precipitating the DNA.

Samples were prepared for gel electrophoresis by adding 0.66
volume of 5M NH 4OAC and then precipitating the DNA with 2.5
volumes of 96% EtOH at -70 °C, for 30 minutes. The precipitate
was collected by centrifugation, washed in 70% EtOH, dried and
resuspended in 10-20pl of sterilised, distilled water. One tenth
volume of stop mix, or loading buffer, was added. In the case of
digested mini-prep DNA, R1ase was also added at this stage, to a
final concentration of 50-200pg/ml.

2.9.2. Analytical gel electrophoresis

The general techniques and conditions used in electrophoresis
were as described by Sealey and Southern (1982).

Vertical gels were made from agarose (Miles or Sigma) dissolved
in electrophoresis buffer, at a concentration varying from 0.5-1.5%,

C)
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depending on the size of DNA fragments to be separated. All gels
were 3mm thick; the other dimensions depended on the purpose for
which the gel was run. Gels 8cm long by 8cm wide, or 12cm long by
18cm wide were used for quick analyses of DNA. Gels 18cm long and 8
or 18cm wide, or gels 40cm long and 18cm wide, were used for cases in
which the DNA was to be transferred to nitrocellulose filters for
hybridisation analysis, or in which a photograph of the gel was to be
scanned to estimate the size of DNA fragments. The width of the
slots into which the DNA was loaded was either 3, 4.5 or 7.5mm.

Gels were run in a buffer containing 26mM Na 2 HpO 4 , 3.3mM
NaH 2 PO4 and 1mM EDTA, pH 7.5-8.0. The buffer was
recirculated between the cathode and anode during running. Gels for
quick DNA analyses were run at 5-6v/cm; otherwise gels were
generally run at 1.5v/cm.

•

DNA samples were loaded onto gels in a volume of 10-30), after

adding a one tenth volume of loading buffer (15% Ficoll, 0.25% OrangeC, 0.2M EDTA, pH 8.1). The Ficoll increases the density of the
samples and reduces streaming up the sides of the loading well; the
Orange-G serves as a visible marker for the migration front of small
(200-500bp) DNA fragments.

After running, gels were transferred to a dish containing
approximately 500m1 of running buffer and one drop of a 10mg/mi EtBr
solution. Gels were stained for 20-30 minutes and were then photographed on either a black glass or a black perspex plate. They were
illuminated from above with unfiltered, shortwave ultraviolet (254nni)
Mineralight lamps. A polaroid MP4 land camera, fitted with a red

filter (Hoya, 25A) was used to photograph the fluorescent DNA onto
Ilford FP4 or Kodak technical pan film. The exposure time was 2-3.5
minutes. The film was developed in Ilford Microphen developer, with
nitrogen agitation. The developing process was stopped in 5% acetic
acid and fixed in Amf ix (May and Baker).

2.9.3. Analysis of DNA by hybridisation using 32P-labelled DNA
probes

Radioactively-labelled DNA probes were prepared for
hybridisation using the nick-translation method described by
Maniatis et al (1975). E.coli DNA polyermase I catalyses the
reaction between a nucleotide residue and the 3' hydroxyl group at a
nick in one strand of a double-stranded DNA molecule. Since it is
also able to excise the nucleotide residue at the 5' side of the nick,
by hydroysis, a series of excision and addition reactions results in
translation of the nick along the strand, in the presence of
triphosphates of the four deoxyribonucleotides from which DNA is
composed (Kelly et al, 1970).

Generally, O.1jg of DNA was nick-translated in a total volume of
30il. The reaction mixture contained 0.1g of DNA in a volume of 1-2pl,
3pl of lOx nick-translation buffer (0.5M Tris-HC1 pH 7.2, O.1M
MgSO 4 , 1mM DTT and 500ig/ml BSA), 3jl each of 0.1mM dATP, dGTP
and dTTP (Sigma), 2jjl of [a- 32 P] dCTP (3000C1/mmol, lOCi/mi;
Amersham International plc), ljl of bovine pancreatic DNaseI (o.1g/ml
- diluted from a stock of 1mg/mi) and sterilised, distilled H 20,
to 30il.

The mixture was incubated at 14 ° C for 1-2 hours, after which
the percentage incorporation of the labelled nucleotide was
estimated using trichloroacetic acid (TCA) precipitation (Furlong,
1967). A 0.2-0.5il sample of the reaction mix was spotted on to a
Whatman GF/A microfibre filter and the counts monitored from a
standard distance with a Geiger counter, before and after washing
with a solution of 10% TCA. Since 10% TCA will quantitatively
precipitate only olionucleotides of greater than 20 nucleotides in.
length, the percentage incorporation of nucleotides may be
calculated. Usually, the specific activity of the probes prepared
was greater than 10 8 dpmhig.

After nick-translation, 1Oig of sonicated salmon sperm DNA were
added as carrier, followed by 5M NH 4 OAc to a concentration of 2M
and by 2.5 volumes of 96% EtOH. The DNA was left to precipitate at 0
70 C for 30 minutes and was then spun down in an Eppendorf
centrifuge for 15 minutes. After drying, the pellet was resuspended
in sterilised, distilled H 2 0 and then placed in boiling water
bath for ten minutes, in order to denature the DNA. The probe was
either injected directly into a hybridisation tube (set up as
described below), or firstly pre-reassociated with unlabelled DNA to
remove certain sequences, as desired.

Filters to be hybridised were floated on the surface of 2x SSC
until wet and then immersed for a few minutes before being
transferred to a hybridisation tube. A maximum of 3 layers of
filters per tube was used; the overlap had no significant effect on
the results obtained. 12m1 of pre-warmed hybridisation solution
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were added to each tube. Hybridisation solution contained 10%
dextran sulphate, 0.1% SDS, 0.1% sodium pyrophosphate, 5x SET, 5x
Denhardt's solution (all filtered using a Millipore filtering
apparatus) and 0.1mg/mi denatured, sonicated salmon sperm DNA. 20x
SET contains 0.4M Tris-HC1, pH 7.8, 3M NaCl, 20mM EDTA; 20x
Denhard•t's solution contains 0.4% Ficoll, 0.4% polyvinylpyrrolidone
(PvP) and 0.4% BSA.

The tubes were placed on a rotating rack in a 68 ° C oven for
1-6 hours before addition of the radioactive probe. Hybridisation
was allowed to proceed for 14-20 hours. The filters were then
removed from the tube and washed to remove unbound and poorly-matched
DNA. A series of four, 30 minute washes were carried out in a water
bath at 60 ° C, using 4x SSC, 2x SSC, lx SSC and 0.1x SSC, all also
with 0.1% NaPPi and 0.1% SDS.

After drying the filters for 1-2 hours at 37 ° C, they were
laid down for autoradiography. The filters were placed on Whatman
3MM paper in an X-ray film cassette and covered with Cling film. A
sheet of X-ray film (Fuji, RXNIF) was placed on top. Generally, the
film was pre-flashed to give a background 0D 540 of 0.15 after
development, covered with an Ilford fast tungstate intensifying
screen and the cassette stored at -70 ° C for the desired period
of time. These conditions increase the sensitivity of detection of
signal by 10-fold (Laskey and Mills, 1977); pre-flashing also
ensures that a quantitative signal is obtained. Occasionally, if
monitoring the filter with a Geiger counter indicated a very strong
signal, or if increased resolution were required, pre-flashing and
using a screen were omitted and the cassette stored at RT.

X-ray films were developed in an Agfa-Gevaert automatic X-ray
film processor, using Agfa-Gevaert G153 developer and E353 fixer.

2.10. Selection of recombinant A clones containing sequences
which are amplified in EL4/8 cells: plus and minus competitor
screening method

Recombinant A clones, containing DNA sequences amplified in
EL4/8 cells, were selected using the screening procedure described by
Caizzi and Bostock (1982). 0.5pg of the total genomic DNA from EL4/8
cells was nick-translated to a specific activity of 8 x 1O-2 x
1o8 dpm/ig. After EtOH precipitation, the pelleted DNA was
resuspended in 37.5pl of sterile, distilled H 20 and denatured.
12.5p1 of 20x SET were added, bringing the concentration of NaCl to
0.75M. The solution was incubated at 68 ° C for 1 hour and 35
minutes i.e. the time taken for a Cotj value of about 1.0 to be
reached in 0.75M NaCl. The partially reassociated mixture was then
divided into two equal parts. 250pg of denatured, sonicated genomic
DNA from EL4/wild cells was added to one part. Each portion was then
A.
used to probe replica nitrocellulose filters of DNA fom the plaques
0

of recombinant A clones.

A proportion of sequences present in the mouse genome at a
frequency equal to, or greater than, approximately 3,000 copies will
be reassociated at Cot= 1. These reassociated sequences will then
not be free to take part In the hybridisation reaction. The dhfr
gene is present at approximately 1000 copies per haploid genome of
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EL4/8 cells, and thus this sequence, along with other, equally
amplified but originally single-copy sequences, will remain
unreassociated at Cot = 1. Further, the concentration of such
sequences relative to that of single-copy sequences unamplified in
EL4/8 cells will not be significantly altered.

The effect of adding a 1000-fold excess of unlabelled EL4/wild
DNA to half of the probe is to reduce the specific activity of any
non-amplified sequences in EL4/8 DNA by a factor of 1000. However,
the specific activity of amplified sequences present at 1000 copies
in the probe will only be reduced by a factor of 2. Therefore, if
duplicate filters are hybridised to either the probe on its own or
the probe containing 1000-fold excess of unlabelled EL4/wild DNA,
individual plaques (or colonies, or bands) will show different
hybridisation properties depending on the sequences they contain.
The hybridisation signal from a X clone containing a single-copy
sequence which is amplified in EL4/8 cells will be approximately
equal on both duplicate filters, whilst that from a clone containing
an unamplified sequence should be 1000-fold less on the filter
hybridised in the presence of competitor, EL4/wild DNA. Signals from
sequences which are repeated in EL4/wild cells and some copies of
which are amplified in EL4/8 cells, will be competed to varying
degrees, depending on the precise copy numbers involved. Likewise,
clones containing single-copy sequences which are amplified less than
1000 times in EL4/8 cells will also give rise to signals which are
competed to some extent on one filter relative to the other. (A
further discussion of this method appears in Chapter 3.)

Recombinant A particles from plaques selected after the
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first round of plus/minus screening were replated at a very low
density (50-150 pfu/9cm diameter petri dish) and replica filters
made. The filters were reprobed using the same method and the
relevant clones re-picked. This ensured that each plaque picked did
not contain a mixture of more than one type of recombinant
bacteriophage.

2.11. Determination of DNA restriction fragment length using a
digital microdensitometer

As discussed in section 1.6.3., the length of a linear DNA
fragment is inversely proportional to its mobility on a gel. The
unknown length of a DNA restriction fragment may be calculated by
relating the mobility of that fragment to the mobility of standard
fragments of known length (Elder and Southern, 1983).

Mobilities of restriction fragments were determined by using a
large format digital gel scanner, controlled by a Mizar VNE 7100
microcomputer, with a monochrome Digivision monitor (see Elder et
al, in press, for full details of hardware). All operations of the
microdensitometer were carried out by Dr. John Elder. 4" x 5"
negative photographs of EtBr-stained gels were scanned. During the
scan, each pixel value (pixel size is pre-selected, from a range of
25 to 160 m) was converted to -an optical density value by a log
amplifier and an analogue-to-digital converter. After scanning, the
optical density profile of each track on the gel was displayed in
succession. One programme in the scanner software identifies and
numbers the peaks which are present in each track. The numbering of
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these peaks was edited manually, to eliminate peaks whose mobility
values were not wanted. Such peaks included those resulting from,
for example, noise, scratches on the negative and partial digestion
products. At this stage, where possible, double or triple peaks,
identified by the computer as a single peak, were resolved manually.
The lengths (bp) of standard or marker fragments of DNA were assigned
to the relevant peaks. After peak-editing, the origins of all
tracks on the gel were normalised, in order to account for any
curvature in the gel which would alter the apparent mobility of one
fragment relative to that of other fragments.

The computer print-out of data obtained from the gel includes
the following values:
(1)

The mobility and assigned length of every standard

fragment.
The raw and normalised mobility values of each unknown
fragment.
A 'local' estimate of the length of every unknown
fragment. A local estimate is made using the three standard
fragments with mobilities closest to that of the unknown fragment in
question. For unknown fragments which are flanked on each side by at
least two standards, local estimates are the mean of the values
obtained by using, firstly, two standards larger and one smaller and,
secondly, two standards smaller and one larger than that of the
unknown fragment.

4:
A 'global' estimate of the lengh of each unknown fragment.
Such estimates are made using all of the standards to fit the
reciprocal relationship between length and mobility by least squares.
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Values (ii)-(iv) are grouped for every track.

The percentage error in the length assigned to every standard
fragment was calculated by comparing the true length with the length
predicted from the mobility of that standard by using other standards
in the same track. Various factors contribute to such errors. These
factors may include inhomogeneities in the gel, temperature and
voltage gradients across the gel and the effect of base composition
on the mobility of a fragment. The percentage error in length
estimates of unknown fragments may not be calculated by direct
extrapolation from those of the standards. Nonetheless, the length
errors calculated for the standard fragments do provide an indication
of the range of percentage errors which may be expected for the
fragments of unknown length.
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CHAPTER 3
IDENTIFICATION AND ISOLATION OF COSMID AND
LAMBDA CLONES CONTAINING EL4/8 AMPLIFIED DNA

- 94 -

3.1. General

In this chapter is described the identification and isolation of
DNA sequences which are amplified in EL4/8 cells and which were

cloned in both cosmid and lambda vectors. Lambda clones were
selected using the plus-and-minus screen (see section 2.10). Cosmid
clones were selected on the basis of their homology to amplified
sequences present in 22 lambda clones.

An estimate of the number of cosmid clones required to give a

good representation of all sequences present in the EL4/8 amplified
unit was obtained as follows. The number of fragments

(N) of length

L that is needed to cover a DNA sequence of length M is given by the
expression derived by Clarke and Carbon (1976):
N = ln(1-P)
ln(
P is the probability that any sequence of length L, derived from the
total length, M, will be present in N.

The average length of EL4/8

DNA Inserts in the cosmid library constructed with Hindill-partially

digested EL4/8 DNA was 36kb. If the average length of the
'amplified unit' in EL4/8 cells (i.e. M in the above expression) is
taken to be 1000kb (Tyler-Smith and Bostock, 1981) and P is set at
0.95, then N =

in ( 1-0 . 95)
• i- 36
in(
TWO

or 8.17.

On the basis of this value of N, It was decided that about 100
cosmids, which contained sequences homologous to the EL4/8 amplified
sequences cloned in lambda, should be selected. In total, 100
cosmids would be expected to contain approximately 3600kb of DNA,
i.e. about 3.6-fold more than the length of DNA In one EL4/8
amplified unit. The difference between the length of cloned DNA and
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the length of the amplified unit would mean that many of the 100
cosmids would be expected to contain overlapping EL4/8 DNA sequences,
thus enabling a map of the amplified DNA to be constructed. Assuming
that each amplified unit was the same and had a complexity of 1000kb,
there would be a probability of 0.97 that every sequence in the
amplified unit was represented at least once in 100 cosmid clones.
The above probability value of 0.97 also assumes that the 22 lambda
clones (used to select the cosmid clones) contain sequences which are
fully representative of the total amplified unit. This assumption is
obviously not true, since 22 lambda clones, each with an average
insert of 15kb, can only represent a maximum of 330kb of DNA.

3.2. Sequence respresentation in the EL4/8 genomic lambda and
cosmid libraries

The library made from EL4/8 DNA partially digested with BamHI
and cloned in the lambda vector, EMBL3, initially consisted of 1.46 x
1o6 pfu. During concentration of the library large numbers of
pfu were lost, so that before library amplification the final number
of pfu was 6.2 x 1O 4 . The average insert size was 14.5kb. The
probability (P) of this library containing a sequence of 14.5kb,
present once in the EL4 genome, may be calculated using the
expression N = in (1- p), where N is the number of recombinants
in (1-f)
(6.2 x 10 ) and f is the fractional proportion of the genome in a
single recombinant, in this case 14.5 (Clarke and Carbon,
x10
3X1-0-9,
1976). Thus for this X library, P is equal to only 0.26.
Likewise, the library made from EL4/8 DNA partially digested with
Hindill and cloned in the cosmid vector pJB8, consisted of 1.66 x

1O4 recombinants, with an average insert size of 36kb. The
probability of a single copy sequence of this size being represented
in the library is equal to 0.18. Since EL4/8 contains sequences
amplified up to 1000-fold, there should be approximately 260 copies
of each 1000-fold amplified sequence in the EMBL3 library, or 180
copies in the pJB8 library. Both libraries should therefore contain
a good representation of any sequences amplified 1000-fold, for
example, those. sequences in and around the dhfr gene.

3.3. Identification of lambda clones containing amplified DNA

Recombinant lambda clones were plated out at a low density ( 4 x
10 3 per 20 x 20cm agar plate), replica filters were made and
the filters probed as described in Section 2.10. Figure 3.1 shows
identical sections of the autoradiographs obtained from one pair of
replica filters. The filter shown in Figure 3.1.A. was probed in the
presence of excess, unlabelled, competing EL4I wild DNA, whereas that
in Figure 3.1.B. was probed in the absence of competitor. Plaques
were categorised into six different classes according to the degree
to which the level of hybridisation was competed. Examples of each
class are shown in Figure 3.1. A recombinants from each plaque
were replated and rescreened to ensure their purity. On the second
round of plaque purification and screening it was often possible to
select additional clones. Such clones were given two numbers, the
first indicating the class assigned to a plaque after the initial
screen for amplified sequences and the second, in parentheses, the
class into which the clone fell on the second screen.
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Plus-and-minus screen of EL4/8 / ENBL3 libr ar y

FIGURE 31

Recombinant EMBL3 A particles were adhered to the host
Duplice filters
bacterium, Q358 and plated out on CY agar
of the resulting plates were made and probed with P
labelled EL4/8 DNA, denatured and then reassociated to a
Cot A value of 10, in the presence (3 0 1.,A0) or absence
(30t0B0) of a 1000-fold excess of denatured, sonicated
EL4/wild DNA
0

Examples are shown of 6 classes of plaque, each of which
shows a different type of hybridisation behaviour (see
Section 33),

E

indicates a plaque placed in class 1
indicates a plaque placed in class 2

0

indicates a plaque placed in class 30

—* indicates a plaque placed in class 4

40

indicates a plaque placed in class 5

—* indicates a plaque placed in class 6
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Clones with highly competed (class 1) and moderately competed
(class 2) levels of hybridisation were not expected to contain
sequences amplified in EL4/8, but, rather, sequences highly repeated
in the EL4/wild genome. Slightly competed (class 3) and uncompeted
(class 4) signals were expected to contain amplified, but mainly
single-copy sequences. Because of the difficulty of estimating by eye
the relative reduction of hybridisation intensity upon competition,
attempts were made to equalise the levels of hybridisation from
further clones on both filters, by exposing the filter hybridised in
the presence of competitor DNA for a period of six days. After
comparing this exposure with a one day exposure of the filter probed
in the absence of competitor DNA, additional clones giving slightly
competed (class 5) or uncompeted (class 6) levels of hybridisation
were selected. For reasons discussed in section 3.6., these classes
were expected to contain a mixture of amplified and non-amplified
sequences.

76 lambda clones were picked and analysed to characterise their
inserts and to check whether or not they carried sequences which were
amplified in EL4/8 cells. Figure 3.2 shows the result of probing
BamHI digests of selected clones, representative of classes 1-4, with
EL4/8 DNA plus and minus competitor DNA. As expected, hybridisation
signals to the inserts from clones in classes 1 and 2 are strongly
competed, whereas the group 3 and 4 clones contain at least one
BamHI fragment whose signal is essentially uncompeted.

Of the 76 lambda clones isolated, 64 were categorised into
classes 3-6 and were expected to contain sequences which
were potentially amplified in EL4/8 cells. The 12 clones in classes
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FIGURE 32

Plus-and-minus screen of digested DNA from
individual recombinant X clones

Filters were made from duplicate agarose gels, on which DNA
from the recombinant X clones indicated in the figure,
digested with either BanñiI (indicated by B) or BamHI plus
EcoRI (indiced by B + E), had been run. Each filter was
probed with P-labelled EL4/8 DNA denatured and then
reassociated to a Cot value of 10 in the presence (+
EL4/wild) or absence -EL4/wild) of a 1000-fold excess of
denatured, sonicated EL4/wild DNA.
3b/4e are independent isolates of the same clone, as are
3s/4d0
The sizes (in kb) of some restriction fragments are
given on the right-hand side of the figure.
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1 and 2 were not expected to contain such amplified sequences. This
expectation was subsequently confirmed.

As described below, it was found that many of the clones
isolated contained identical DNA sequences. Out of the sequences
cloned in the 64 members of classes 3-6, only 34 were different from
any other cloned DNA sequence in these classes. 52 of the 64 clones
in classes 3-6 were shown to contain sequences amplified in EL4/8
cells; however, these 52 clones included only 22 different inserts.

Digestion of all the purified ) clones with BamHI showed that
a large number of them contained a single fragment, of approximately
14kb in length. To determine whether or not these fragments were the
same, the first group of clones isolated was digested with both BamHI
and EcoRI, The double-digestion pattern served to divide such clones
into two groups; the prototypes for the two groups are clones 3e and
4e. 3e and 4e were later used to probe all of the original clones to
confirm the homology within each group. Clones subsequently isolated
which were shown to contain 14.0kb BamHI inserts were also classified
as being homologous to either 3e or 4e on the basis of crosshybridisation patterns (data not shown). Of the 52 lambda clones
which were shown to contain amplified DNA, 18 (or 34.6%) fell into
the 3e group and 6 (or 11.5%) into the 4e group. Another 15 clones
(28.8%) were present in groups with two or three members each
(confirmed by double-digestion RE fragment patterns) and only 13
(25%) were present as single isolates.

To check unambiguously whether or not the clones contained
amplified DNA, each unique clone from classes 3 to 6 was used
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individually to probe a panel of BamHI-digested EL4/wild and P14/8
DNA. Some representative results of this analysis are shown in
Figure 3.3. Of the 34 clones tested, 12 proved to be unamplified. 8
of these 12 clones (5h, 51, 6b, 6c, 6m, 6n, 6(3)n and 6p) detect
either a single band of equal intensity in both EL4/wild and EL4/8
DNA, or a smear, suggesting that these clones contain dispersed
repeated sequences. The remaining 4 clones did not detect any
fragments in either genomic DNA (data not shown); they may contain
highly dispersed sequences of low copy number.

Thus out of 64 clones originally picked, 12 were incorrectly
identified as containing amplified DNA. It should be noted that of
these 12, 10 fall in classes 5 and 6. As mentioned above, it was
expected that a higher proportion of the clones from these two
classes, than from classes 3 and 4, would contain sequences which
were not amplified in EL4/8.

Figure 3.3 also shows that whilst the amplified clones hybridise
to genomic fragments of EL4/8 DNA of the same size as the insert in
the clone, minor bands of a different size are also detected in some
cases (see, for example, 3e, 3j and Sd). Such bands presumably
represent variants of cloned sequences, which were amplified at a
lower level, although hybridisation to partial products cannot be
eliminated in cases where a fragment larger than that present in the
hybridising clone is detected.

Some characteristics of the 22 unique, amplified-sequencecontaining clones are listed in Appendix I. The clones may be
expected to cover approximately 300kb of amplified DNA, allowing for
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FIGURE 3,3., Verification that selected recombinant A clones
contain EL4/8 amplified DNA sequences
Samples of EL4/wild and EL4/8 DNA were digested with BainHI
and electrophoresed on 0,75% agarose gels in the tracks labelled
'W' and '8', respectively. Unlabelled tracks contained a mixture
of an XhoI and a Hindill digest of Xc1ts857 DNA., The DNA was
transferred 3 o nitrocellulose and the filters hybridised with a
mixture of P-labelled DNA from the recombinant A clone
indicated (3e, 33 etc.,) and from Ac1ts857.
The sizes (in kb) of the XcIts857 restriction fragments
are indicated on the left-hand side of the figure.,
indicates a restriction fragment which is the same size as
that present in the clone used as a probes
1 indicates a restriction fragment which hybridises to a
clone but whose size is different from that present in the
clone.
Fragments which are probably the result of partial digestion
and which hybridise to a lambda clone are not labelled.,
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the apparent overlap in clones 61 and 6k.

3.4. Selection of cosmids containing sequences homologous to the
EL4/8 amplified DNA cloned in lambda

A mixture of the 22 amplified-sequence lambda clones, digested
with BamHI, was usedas a hybridisation probe to screen duplicate
filters to identify cosmids containing homologous sequences. The
probe for each pair of filters was pre-reassociated with unlabelled,
denatured EMBL3 DNA to remove signal arising from hybridisation of
the sequences encoding the cos site, which are present in both EMBL3
and pJB8. In addition, the probe for one filter was pre-reassociated
with denatured EL4/wild DNA, to a Cots = 100, which should have
removed from the probe any sequence present which originally may have
been repeated about 30 times in the wild-type mouse genome but one or
more copy of which may have become amplified in EL4/8 cells. Such a
hypothetical repeat may possibly have been represented in one or
more of the lambda clones, in which case it could have crosshybridised with a homologous copy in a cosmid containing an insert of
non-amplified DNA.

Sequences free to hybridise in the latter probe, therefore,
should consist almost exclusively of amplified single-copy sequences
in EL4/8 cells. It was expected that any cosmid colonies showing
hybridisation to this probe would contain single-copy sequences
homologous to those present in one, or more of the lambda clones and
also amplified in EL4/8 cells. The intensity of the hybridisation
signal obtained with this probe should be a reflection of both the
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degree of overlap between sequences cloned in the cosmid and lambda
vectors and the quantity of cosmid DNA bound to the filter.

The probe from which the repeated sequence element was not
removed was expected to hybridise to most cosmid clones, since
sequences repeated in the EL4/wild genome are known to be amplified
in EL4/8 cells (Caizzi and Bostock, 1982) and would therefore be
likely to be represented in the lambda clones. The levels of
hybridisation to cosmid clones obtained with this probe would provide
information about their repeated-sequence content. Clones giving
similar levels of hybridisation with both probes were expected to
contain few, if any, sequences which were both repeated and
represented In those EL4/8 amplified sequences present in the lambda
clones which were used as a probe.

99 potentially amplified-sequence containing cosmids were picked
after screening either filters on which cosmid colonies had been
grown directly and the DNA subsequently bound as described in section
2.8.2., or filters on to which DNA isolated from small cultures of
individual cosmid clones (see section 2.5.5.) had been spotted (dotblots). 65 of these 99 cosmids were selected after probing dot-blots
of DNA. This method was foundto be more satisfactory than probing
cosmid colonies directly. Firstly, it was easier to ensure that exact
duplicate dots (with respect to amount and distribution of DNA
present) were used. Secondly, there appeared to be less apparently
non-specific background hybridisation to DNA dots than to colonies,
thus making the method more sensitive.

Figure 3.4 shows a representative collection of autoradiographs
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FIGURE 3040 Identification of cosmid clones containing EL418 DNA
sequences homologous to those in a mixture of 22
A clones
Duplicate filters of dot-blots of DNA from individual cosmid
clones were made.
Row 1 contains control samples of DNA. Rows 2-12 contain DNA
from uncharacterised cosmid clones. The control samples are as
follows:
11 Approximately 800ng of BainHI fragment isolated from
A3e DNA.
13 Approximately 50ng of BainHI fragment isolated from
X3e DNA.
1K Approximately 300ng of pdhfrll DNA.
1L Approximately 40ng of pJB8 DNA0
1 E31 1M Approximately 300ng of E.coli DNA0
iF, iN DNA from a cosmid shown to contain sequences which
are not amplified in EL4/8 cells.
10) DNA from 2 cosmids which contain EL4/8 amplified
1P) sequences.
A mixture of DNA from the 22 X clones 0own to contain EL4/8
amplified sequences was labelled with P. denatured and
then split into 2 equal parts. 1 part was reassociated with
both denatured, sonicated EMBL3 DNA, to a Cots of 5.0 and
denatured, sonicated EL4/wild DNA, to a Cot, of 100. This
part was then used to probe filters marked ' i ' 0 The other part
was reassociated with only denatured, sonicated EMBL3 DNA, to a
Coti of 5.0 and was then used to probe filters marked '2'
Examples of clones which showed different types of hybridisation
behaviour are indicated.
indicates a clone giving an intense hybridisation signal,
unchanged between filters 1 and 2
indicates a clone giving a hybridisation signal of
intermediate intensity, which is unchanged between filters 1
and 2.
indicates a clone giving a weak hybridisation signal, which
is unchanged between filters 1 and 2.
indicates a clone giving a hybridisation signal which is weak
or of medium intensity, but which is slightly less intense on
filter 1 than on filter 2
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of dot-blots probed with a mixture of the 22 lambda clones, as
described above. Included are two control cosmids (row 1, positions
C, H, 0 and F) picked from a colony screen using the same lambda
probe. When digests of DNA Isolated from these clones were probed
using the plus-and-minus competitor screen, sequences from certain
fragments behaved in the manner expected of sequences amplified in
EL4/8 cells. Using this method, a clone is defined as containing
amplified DNA if it possesses at least one band in the digested DNA
to which the level Of hybridisation is uncompeted.

Two further controls, with known amounts of homology to the
cloned DNA in the probe, were included. Two of the lambda clones
presnt in the probe - 61 and 6k - were shown, during the course of
other experiments, to contain the vIth exon and the 3' untranslated
region of the dhfr gene (see chapter 4). pdhfrll, a plasmid
containing a full length cDNA for the dhfr gene (Chang et al,
1978; Nunberg et al, 1980), should therefore contain approximately
1kb of homology with each of A clones 61 and 6k. The pdhfr 11
control is in row 1 at positions C and K in Figure 3.4.

The control 3e (row 1, positions A, B, I and J in Figure 3.4.)
consists of the BamHI fragment cloned in X3e, which is also
present in the mixture of lambda clones used as a probe in this
experiment. This control contains 14kb of DNA sequences, all of
which are present in the probe. The four controls described above
contain varying degrees of homology with the DNA probe and should
thus give an indication of the range of signal intensity which might
be expected from cosmids containing sequences homologous to those
cloned in the lambda vector. The pJB8 control (row 1, positions D
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and L) shows that any contribution to signal due to unreassociated
vector in the probe is insignificant.

From the results obtained, it was apparent that a far greater
proportion of the cosmids than expected were giving a signal on the
filters probed with lambda DNA from which sequences repeated in
EL4/wild DNA had been removed. One possible explanation for this is
that the lambda clones contain copies of repeated sequences present
.at less than 30 copies in the EL4/wild genome. These sequences must
be dispersed throughout the genome and be present in a high
proportion of the cosmid clones. The repeated sequence content of the
lambda clones is discussed further in Sections 3.5 and 3.6.

In order to gain further insight into the sequence content of
the cosmids selected on the basis of the initial screen, it was
decided to further analyse cosmids grouped according to whether they
showed strong, medium or weak hybridisation signals which were
not significantly reduced by the presence of EL4/wild DNA. Some
clones showing relatively slight, but definite, competition were also
chosen. Examples of each category chosen are shown in Figure 3.4.
Duplicate filters of Hindill digests of the 99 cosmids picked were
prepared and these filters were probed with 32 P-labelled EL4/8
DNA, in the presence or absence of excess EL4/wild competitor DNA.
Some representative results of this plus-and-minus screen are shown
in Figure 3.5. Cosmid FC11 is an example of a clone in which none of
the bands visible at this exposure show significantly lower levels of
hybridisation in the presence than in the absence of competitor DNA.
In cosmid EA5, the signal to some bands is clearly lower in the
presence than in the absence of competitor DNA, whilst that to other
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FIGURE 35 Plus-and-minus screen of digested DNA from
individual cosmid clones

Duplicate filters were made by bidirectional transfer from gels
on which Hindill-digested DNA from individual cosmid clones (as
dicated in the figure) had been run. Each filter was probed with
P-labelled EL4/8 DNA, denatured and then reassociated to a
Cot A value of 100, in the presence (3,50A0) or absence
(305,B0) of a 1000-fold excess of denatured, sonicated EL4/wild
DNA. After hybridisation, thefilters were washed in 01 x SSC
at 60 0 C and were then autoradiographed0
The positions at which fragments from Hindill-digested A
c1ts857 DNA ran on the gels from which the filters were made
are shown on the right-hand side of the figure0
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bands is unaffected. Both cosmids FC11 and EA5 were subsequently
shown to contain EL4/8 sequences related to some of those present in
the 22 lambda clones. Cosmids DG10 and EH6 are illustrated to
provide examples of the type of hybridisation behaviour which is
shown by clones which do not contain EL4/8 amplified sequences. All
visible bands in each of these 2 cosmids show significantly lower
levels of hybridisation to the competed than to the uncompeted probe.
A summary of the hybridisation behaviour of the various cosmids
picked from colony screens and dot-blots, along with their behaviour
in the plus-and-minus screen, is given in Table 3.1.

On the basis of the plus-and--minus screen, it appeared that the
majority of the clones picked (78 out of a total of 99) were
amplified in EL4/8 cells. Included in this category are clones in
which the least competed restriction fragment is, nonetheless,
slightly competed (see, for example, clones DD1, DG9, 1A6, IC10, 1D4,
JD2). Such apparent competition would be expected if the filter
which was probed in the presence of competitor DNA had less DNA bound
to it than the other filter; or if a fragment were amplified, but
contained a mixture of repeated and single-copy sequences; or if a
fragment were amplified but not maximally so (that is, less than 1000fold, characteristic of the dhfr gene in EL4/8 cells). The remaining
21 clones appeared to give more substantially competed signals,
although somewhat less so than cosmid clones analysed in preliminary
experiments (data not shown).

At this stage it was decided to analyse all clones further and
attempts were made to group them on the basis of common restriction
fragments and the patterns of hybridisation to various probes. Since
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TABLE 3.1.

Behaviour of potentially amplified-sequence containing
cosmids in hybridisation analysis with (a) mixed
lambda probe; (b) EL4/8 DNA + and
EL4/wild DNA
and (c) individual lambda clones.
-

(a)
Cosmid
H5
H46
1150
H52
H53
H54
H57
1-160
H80
AA2
AB6
BD8
BE5
BF5
BG5
CA8
CF5
DB1
DD1
DG9
DH7
EA5
EB12
EC1
ED9
ED12
FA7
FB3
FC11
FF6
GA5
GA10
GB1
GB2
GB1O
GC12
GD5
GD7
GD9
GF3
GF5
GG4
GG6
GH3
GH6
HD1
HE1

Signal with
mixed A probe

(b)
Is ), 1 RE fragment
uncompeted with EL4/8
+1- EL4/wild?

(c)
Is cosmid related
to ), 1 individual
lambda clone?

x//

x
x
x
x
x
x

-

-

-

-

-

-

-

-

x

-

+++ NC
+4-NC
++ NC
+++ NC
++ NC
++ NC
+-C
-I-I-I-C
-1-H- -C
+++ -C
-H-+ -C
++ NC
-H-I- NC
4+ NC
++ NC
++ NC
++ NC
-H- NC
-1-1- NC
-H-I- NC
-I-I-I- NC
+1-/+ -C
+NC
+NC
+NC
+NC
++/+ -C
++/+ -C
no signal
+NC
-I-f- NC
-4-1-/+ -C
-1-1-4-NC
++ NC
-f-H- NC
+++ NC
4+ NC
+4-/+ -C

xI/

x
?

x//
x//
x
x
x//
x//
x//

x
x
x
x
?

x
x/I

x

x

x
x
x//

x
x
x

x//
x
x

x
x
x
x
x

x
x
x
x

x

x

x

x

Cosmid
HE4
HE1O
HEll
HF1
HF2
HF3
HF5.
HF7
HF8
HG6
HH11
HH12
1A3
1A6
1B3
1B7
1C7
IC1O
1D4
1D6
1E2
1E4
1E5
IF10
1F12
1G9
IG10
JB1O
JC5
JC7
JC8
JC10
JD2
JD4
JD1O
JEll
JF1
JF4
JF12
JH1O
KA2
KAl2
KB2
KB3
KB4
KB5
KC1
KC6
KC8

(a)
++/+ -c
+NC
+NC
+NC
+NC
+NC
+NC
+NC
+NC
-H- NC
-H-+NC
-H- NC
++/+ -C
NC
+NC
+NC
-H-+ NC
+NC
-H- NC
-f-I- NC
-4-4- NC
-H-/+C
++ NC
-1±4- NC
(+) C
-H- NC
NC
-1-4-1+

-C

-4-1-1+
+4-/+

-C

-C

(b)

(c)

x
x
x/v'
x//
x//
x/v

x
x
x
x
x
x
X

x
x

.

x
x/i/
x//
x

x

x
?

x

x
x
xj,/
x
x
x//

x

x

++/+ -C
++/+ -C
-H- NC
+NC
+NC
-H-I- NC
+4-4-C
+4- NC
++/+ -C
+4-/+ -C

x

x
x

-4-4-/+

x

x

-C

xlv'
x//
x//

x
x
?

x
x/i/

?

x
x

+NC
++/+ -C
+1-1+ -C

x
x

+4-/+

x

-C

+NC

?

x

-4-1-1+

-C

X

++/+
+4-/+

-C
-C

x
x

Notes
(i) -H--f-; -H- and + indicated three intensities of signal on
the dot-blot colony screens: strong, medium and weak.
(ii) NC: not completed; C: competed;
-C: slightly competed.
x// indicates that the least competed fragment is, nonethiess,
slightly competed.

they had been initially identified on the basis of their
hybridisation to the mixed lambda probe, it was assumed that the
majority of these clones would show some homology to at least one,
specific lambda clone.

3.5. Cosmid clones do not all show homology to lambda clones
containing EL4/8 amplified DNA

After detailed analysis of the cosmids by mapping of restriction
sites and by studying the hybridisation patterns of individual
restriction fragments (see Chapter 4), it proved Impossible to link
68 of them into a map of amplified DNA. Furthermore, using the
criterion of BamHI or Hindill restriction fragments held in common,
it was not possible to unambiguously relate these cosmids to any of
the 22 lambda clones.

At this stage, multiple copies of filters bearing every cosmid
colony were prepared and each copy probed with a single lambda clone,
pre-reassociated with pJB8 DNA to remove vector:vector homology. It
was thought that this might be a more sensitive way of detecting
small overlaps between lambda and cosmid clones than by using the
mixture of lambda clones, as the probes would be less complex.

The results (data not shown) allowed a futher three cosmids to
be related to specific lambda clones; cosmids BG5 and HH12 both
showed hybridisation to A3j and cosmid BE5 to X5k. The
remaining results confirmed those already obtained from other
experiments (see Chapter 4). A summary of cosmids hybridising to
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individual lambda clones is presented in Table 3.2. 5 of the 22
lambda clones do not hybridise to any of the cosmids isolated apart
from cosmids HHU and JEll. The reason for the hybridisation to
these two cosmids by every lambda clone, in the case of miii, and 15
of the lambda clones, in the case of JEll, is not clear. Both
cosmids appear normal, i.e. contain one copy of the vector, pJB8;
have inserts within the range of packagable DNA and are, as far as it
is possible to tell, unrearranged. Both give strong, non-competed
signals on hybridisation with the mixture of lambda clones to dotblots of their DNA and yet both also appear to be competed when
tested with the plus-and-minus screen (see Figure 3.5.). If
contaminating lambda DNA had somehow been cloned into the cosmids,
this should not have hybridised to the lambda clones, at least in the
case of the dot-blot screen, in which the probe was pre-reassociated
with EMBL3 DNA to remove vector:vector homology. The sequence(s)
responsible for giving these anomalous results cannot be identical in
both HH11 and JEll.

In a final experiment to attempt to match the remaining cosmids
to a particular lambda clone, dot-blots of DNA were prepared from 21
of the 29 cosmids which had not been grouped and which were
convincingly uncompeted on the plus-and-minus screen illustrated in
Figure 3.5. Background hybridisation to every colony in the
experiment described above had been obtained and, as mentioned
before, it was thought that this might be non-specific and mask any
small homologies between cosmid and lambda clones. Six groups of
lambda clones were formed (see Table 3.3). The members of these
groups were either all related, by virtue of their common
hybridisation to known cosmids (for example, groups I and II), or
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TABLE 3.2 Homologies between lambda and cosmid clones
Lambda clone
3e*
3s
61
6k*
5(3)g*
5d*
5k
6a
6(3)a
6(4)m*
6(3)d*
61
3j

Homologous cosmid clone(s)

)

)

H5, BF5, DB1, GH3, GH6, 1c7, IFIO
FC11
H5, BF5, DB1, EA5, FC11, GF3, GH3, 1C7, 1E2,
JF4; GH6 and IF10 to 6k only.
DG9, FA7, FF6, GG4, HG6, 1A6
FA7
DG9, FA7, FF6, GG4, HG6, 1A6
BE5, HG6
DG9, FF6, GG4, HG6
AA2 /H60
AA2/H60, HF8?, KB3?
FB3
FB3, JD2
BG5, 111112, 1B7?, JD4?, JD10?
EB12?, GFI, IID1, 1A3, 1E5

5a

1G9/IG1O

5f*

BD8?, GB2, IDA, 1D6

6(3)b
6(3)e*
4h*
41
5(4)h*

)
)
) no specific cosmid hybridisation
)
)

Note Cosmid HH11 hybridises to every lambda clone
Cosmid JEll hybrdises to each lambda marked*

TABLE 3.3 Lambda clone members of groups used to probe cosmid
DNA dot—blots, to look for homologies.
Group
I
II

Lambda clones

Cosmid positive controls
for group

3e, 3s, 61, 6k

GH3

5(3)g, 4c, 5d, 5k, 6a

GG4

III

4e, 5a

1E5, 1G9

IV

5f, 6(3)o, 6(4)m

1D4, H60

3j, 6(3)d, 61

111112 11 JD2

6(3)b, 6(3)e, 4h, 41, 5(4)h

HH11

V
VI

were unrelated, in that they either hybridised to groups of cosmids
which do not overlap (groups III, IV and

v)

or did not hybridise

uniquely to any cosmids (group VI). A set of DNAs from cosmids known
to hybridise to at least one of each related group of lambda clones
was included on every filter, to act as a positive control. The
cosmid HH11 was used as a control for group VI; this cosmid was
expected to give a signal with every group. Each probe was ued to
screen duplicate filters in a method analagous to that used for the
original dot-blot screen (see Section 3.4). The results obtained are
shown in Figure 3.6; the controls demonstrate that each hybridisation
did detect the presence of previously demonstrated homologous
sequences.

Two striking points may be made about these results. Firstly,
there is very little competition evident between each pair of DNA
samples on duplicate filters. Secondly, with a few exceptions, the
overall pattern of hybridisation to the unassigned cosmid DNAs on any
one filter is very similar to that on every other filter: it does not
appear to be group-dependent.

The two notable exceptions to conformity of signal on probing
with the grouped lambda clones are cosmids EB12 and ED12, which both
hybridise more strongly with the group III probe. However, the
hybridisation to cosmid ED12 was not repeatable (data not shown).
It is possible that cosmids BD8 and HF8 both give slightly more
intense hybridisation with the group IV probe than with any other
probe.

The explanation for the results described above is unclear.
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FIGURE 3,6, Cosmids which share no single-copyEL4/8 sequences
with lambda clones show similar hybridisation
pattern to 6 different subsets of 22 lambda clones
6 pairs of duplicate filters of dot-blots of DNA from 21
'unmapped' cosmid clones and from 9 'control' cosmids (see
ble 3,3,) were made. Each pair of filters was probed with
P-labelled DNA from one of the group 1-VI of lambda clones
(Table 3,3) which had been denatured and divided into two parts,
The first part was reassociated with denatured, sonicated EMBL3
DNA, to a Coti of 5,0 and with denatured, sonicated EL4/wild
DNA to a Cotj of 100. This part was then used to probe
filter (a) of each pair0 The second part was reassociated with
only denatured, sonicated EMBL3 DNA, to a Cots of 5,0 and was
then used to probe filter (b) of each pair.

3

*

indicates the position of the control cosmid(s) for
each of groups I-V,
indicates the position of control cosmid HH11, which
hybridises to each of probes 1-VI,
indicates the position of a cosmid which shows more
intense hybridisation for a given probe than for any
other probe.
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Perhaps the cosmids, whose level of hybridisation to the lambda probe
is unchanged whether or not that probe contains sequences repeated
more than about 30-fold in the EL4/wild genome, are showing some form
of non-specific hybridisation. Hybridisation should not have been
due to any homology between the cosmids and the lambda vector DNA.
The probe used in this experiment was reassociated with excess,
unlabelled EMBL3 DNA prior to hybridisation in order to remove vectorhomologous sequences from the reaction. The result of such prereassociation is an undetectable or extremely low level of
hybridisation due to vector:vector homology. (See the pJB8 DNA
control used on the initial dot-blot screens; Figure 3.4.) Another
possibility is that the DNA prepared from these particular cosmid
clones may have differed in some respect from that prepared from nonselected clones and contained some element homologous to
contamjnating DNA present in the lambda probe. However, since all
DNA preparations were carried out, as far as is possible, in an
identical manner, this does seem unlikely.

An alternative explanation is that the cosmids are showing
hybridisation due to the fact that they contain some EL4/8 sequences
homologous to those present in the lambda clones. If so, since the
hybridisation does not appear to depend on which lambda clones are
used as a probe, the homologous sequences must be present in the
majority of the lambda clones. Furthermore, the sequences would be
expected to be present at less than about 30 copies in-the EL4/wild
genome, but must be amplified (because of their presence in the
lambda clones) in EL4/8 cells. The fairly low levels of
hybridisation to the cosmids detected with the lambda probes also
suggest that these postulated amplified, low repeat sequences must be
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short in length.

In order to further analyse the repeated sequence content of the
cosmid clones discussed above, the same dot-blots of DNA as were used
in the experiment described above were washed at high stringency to
remove most of the hybridising probe and reprobed with 32_
labelled EL4/wild DNA. The results of this experiment are shown in
Figure 3.7. The pattern of hybridisation obtained using EL4/wild DNA
as a probe is strikingly different from that obtained using the
lambda clones. This indicates that the individual cosmid clones each
contain different sets of sequences repeated in the EL4/wild genome.
In hybridisation to the EL4/wild probe, these sequence differences
override any similarities in the cosmid clones suggested on the basis
of their hybridisation behaviour to the lambda clones. Since the
cosmids contain, on average, 36kb of EL4/8 DNA, it is not surprising
that they contain a variety of sequences repeated in the EL4/wild
genome in addition to that/those postulated to be both amplified in
EL4/8 DNA and common to each clone.

Figure 3.7. shows duplicate dot-blot filters which were both
probed with 32 P-labelled EL4/wild DNA, either with or without prereassociation to Cot = 100. A comparison of the level of
hybridisation obtained on each duplicate filter demonstrates clearly
that this pre-reassociation does remove repeated sequences from the
labelled, probe: the contrast in intensity of signal between the two
filters is striking.

During the course of further analysis of data obtained for this
project, possible homologies between an additional four cosznids (1B7,
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FIGURE 37

Hybridisation pattern of selected cosmid clones to
EL4/wild DNA and to a mixture of DNA from lambda
clones

Dot-blots were prepared as described in the legend to Figure
36
3070a0

ows the autoradiograph of a dot-blot probed with denatured
P-labelled EL4/wild DNA Hybridisation was not
preceded by reassociation of the probe.

307 0 b0 shows the autoradiograph of a dot-blot probed with
labelled EL4/wild DNA, denatured and reassociated to a Cot
of 100 prior to hybridisation.
3070c., shows an autoradiograph of filter b of the pair of filters
probed with group VI A clones (see Figure 36)
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JD4, JD10 AND KB3) and a lambda clone were detected. This leaves 58
cosmids for which no homology to any single-copy, amplified sequence
in one, or more, of the 22 lambda clones used for their selection has
been detected.

3.6. Discussion of library screening methods and results

As was shown in Section 3.2, both the lambda library and the
cosinid library used for the isolation of DNA amplified in EL418
cells should contain adequate representation of those sequences
which had been amplified about 1000-fold in EL4/8 cells.

The ENBL3 library was amplified (see Section 2.7.8.) before
screening. It is possible that this step was responsible for
producing the over-representation of sequences present in clone
X3e. When X3e DNA was used to probe approximately 4 x 10
pfu from the EMBL3 library, 136 pfu (3.4%) showed homology (data not
shown). The expected percentage frequency of occurrence of a single-

4
copy sequence of size 14.0kb, amplified 1000 times, is 1.4 x 10
3 x 10
or 0.46%. Thus X3e is present at more than seven times the
expected frequency. The amplification step may also have resulted in
the under-representation of certain slow-growing clones. After
making these observations about the EMBL3 library, it was decided not
to amplify the pJB8 library.

The representation in a library of any sequence with an insert
of a certain size will also depend on the distribution around that
sequence of recognition sites for the restriction enzyme used and on
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the probability of these sites being cleaved with equal efficiency by
the enzyme. It might be argued that a more representative partial
digest of EL4/8 DNA would have been obtained by using a restriction
enzyme with a four base-pair recognition site, such as MboI, than by.
using BamHI and Hindlil, which both have six base-pair recognition
sites. The average distance between two four base-pair recognition
sites is 256bp, whereas for six base-pair recognition sites it is
4096bp. (This is an over-simplification, as the frequency of
occurrence of a site also depends on the base content of the DNA.)
However, it was felt that to facilitate mapping, it was important to
clone the EL4/8 DNA which had been digested with an enzyme which
could be used to excise the insert DNA exactly from the vector DNA.
Nonetheless, this does mean that regions of EL4/8 DNA relatively
devoid of BamHI sites will be under-represented or not represented
at all in the EMBL3 library, as will be regions devoid of Hindlil
sites in the pJB8 library.

The size distribution of restriction fragments derived from
highly amplified EL4/8 DNA may be visualised by EtBr staining of a
gel on which digested DNA has been run (Bostock and Tyler-Smith,
1981). For the restriction enzyme Hindill, the largest fragment
visible is approximately 18.3kb.

A partially digested DNA molecule,

including this fragment, could be cloned in the vector pJB8.
However, digestion with BamHI produces three restriction fragments
derived from amplified DNA which are longer than 23kb. 23kb is
the maximum length of DNA which may be cloned in EMBL3. These three
BamHI fragments will not, therefore, be represented in the ENBL3
library made during the work presented in this thesis. The sequences
in these fragments should, however, be present in the pJB8 library.
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They therefore might be isolated in a cosmid if linked, In the genome,
to one of the sequences present in the 22 lambda clones used to
probe the cosmid library.

From the point of view of forming the basis of a chromosomal
map, the stability of cosmid clones during propagation may be a
problem. This is particularly the case in the investigation of
amplified DNA sequences, - since they are known to undergo
rearrangement as part of the DNA amplification process in the
mammalian cell. It would be difficult to distinguish whether
rearrangement of sequences relative to those found in the drugsensitive, parental cell line had been due to processes occurring
during amplification or during cloning. An indication that cloning
'artefacts' are not a problem can be gained from considering the
properties of the cosmids analysed. Out of approximately six hundred
cosmid clones from which DNA was isolated during the course of this
work, only two were obviously deleted - the undigested DNA ran far
ahead of that of the rest of the cosmids. In addition, two out of
approximately 100 clones which were digested with Hindill showed
rearrangements which resulted In the loss of one or both of the
Hindlil sites at the vector:insert boundary. A further two out of
100 cosmids contained inserts of less than 30kb in length and it is
likely that these cosm.ids had deleted some DNA after packaging; Feiss
et al (1977) showed that it is not possible to obtain infective
lambda particles with a DNA content of less than 75% of that of wildtype lambda. Ish-Horowicz and Burke (1981) did not report any
problems with stability in propagation of their recombinant pJB8
cosmids. However, Dahl et al (1981) observed frequent deletions in
cosmids, when DNA close to the upper size limit (about 53kb) for in
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vitro packaging was used.

The plus-and-minus screening method is shown in this chapter to
be a valid way of identifying amplified sequences in a genome,
although whether it .is capable of identifying all amplified
sequences, irrespective of their relative copy numbers or content of
repeated sequences, is in doubt. Estimates were made of the minimum
copy number at which a sequence needed to be present in the genome to
give an uncompeted signal in the presence of 1000-fold excess of
competitor DNA. Four non-overlapping cosmids were mixed in with four
samples of EL4/wild DNA, so that all were present at either 1000,
500, 250 or 125 copies, relative to a single-copy sequence in the
EL4/wild genome. Each batch of 'quasi' amplified sequencecontaining DNA was then used to probe a pair of duplicate filters, in
a method exactly analagous to that described previously tor the plusand-minus screen. The filters were made from gels of Hindlil digests
of six cosmids: four were those included in the probes and two were
not included and thus acted as 'non-amplified' controls.

The results obtained are shown in Figure 3.8.

As expected,

every band in the two control cosmids (H7 and H30) is competed out in
each hybridisation. (The bands which appear to be uncompeted result
from partial digestion of these two clones and were shown to contain
pJB8 DNA by subsequent hybridisation of a filter with pJB8;

see

panel 3.8.E.) When cosmids GH3, 1D4, JD2 and JF1 are present In the
probe at both 500 and 1000 copies, the majority of the bands are
uncompeted. By 250 copies, most of the bands smaller than 5.5kb
appear substantially competed; what was surprising was the lack of
competition in the larger bands, even when present in the probe at
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FIGURE 38 Plus-and-minus screen of digested cosmid clone DNA
using 'mock' amplified sequence-containing DNA

Identical filters were made from 075% agarose gels on which
Hindill digests of DNA from six cosmid clones had been run. Tracks
1D4,
2, 3 9 410 5 and 6 contain DNA from cosmid clones H7, H30, GH
131
JD2 and JF1, respectively. Pairs of filters were probed with Plabelled EL4/wild DNA, into which DNA from cosmids GH3, 1D4, JD2, and JF1
500 copy
hd been mixed, each at 1000 copy equivalents (3 0 8 0 A 0
equivalents (3080B0); 250 copy equivalents (308000) or 125 copy
equivalents (3080D0). Each probe was denatured and reassociated to a
Cotj value of 100 prior to hybridisation. Filters were hybridised
in the presence (+) or absence (-) of a 1000-fold excess of
denatured, sonicated EL4/wild DNA. The autoradiographs shown in
3 0 8 0 A0 and 3 0 80B0 were exposed for 205 hours; those shown in 3080C.
and 308 0 D 0 we exposed for 72 hours. 3 0 8 0 E0 shows a further filter,
probed with P-labelled pJB8 DNA0
);

indicates the 50 5kb pJB8 DNA fragment, common to each cosmid0
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only 125 copies.

One possible explanation for this, which is relevant to the
discussion later in this section, is that these fragments contain
repeated sequences which are present in multiple copies in the cosmid
clones chosen, but which are not highly repeated in the EL4/wild
genome. If this were the case, then the reason for a lack of
competition is clear: the sequences present in these restriction
fragments are present in the probe at rather more than 125 copies per
EL4/wild haploid genome. It is significant that three
of the four test cosmids used (GH3, 1D4 and JD2) are known to contain
DNA which is amplified in EL4/8 cells, whereas the control cosmids
(H7 and H30) do not. Cosmid JF1, whilst behaving as though amplified
in the plus-and-minus screen using EL4/8 DNA (see Figure 3.5), is not
related to any of the 22 lambda clones. This cosmid does appear to
be competed in the above experiment when present in the probe at 125
copies. (However, its behaviour is not consistent - it appears more
competed when present at 500 than at 250 copies.) With hindsight,
then, a better experiment to test the efficacy of the plus-and-minus
screen would be to use six cosmids, all of which were known to
contain DNA sequences unampilfied in EL4/8 cells. Nonetheless the
results of this experiment suggest that sequences which are amplified
less than 250 to 500-fold (i.e. 2-4 times less than 'maximally'
amplified sequences) will be significantly competed in the plus-andminus screen in which 1000-fold excess of competitor DNA is used.
Thus, in order to identify sequences which are amplified less than
about 250-fold, it would be necessary to use a plus-and- minus screen
in which less than 1000-fold excess of competitor DNA was used.
From the results described in section 3.3. it is clear that the
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plus-and-minus screen may be used successfully to identify clones
containing sequences amplified around 1000-fold in EL4/8 cells.
Approximately 300kb of amplified DNA were isolated using this method.
(This value excludes DNA present in multiple copies in separate
lambda clones.) Nonetheless, the plus-and-minus screen alone does not
provide a sufficiently stringent criterion for the unambiguous
identification of amplified sequences. In theory, after screening a
library using the plus-and-minus method, any clone containing
sequences which are not amplified should show a greatly reduced level
of hybridisation to 32 P-labelled probe to which unlabelled,
competitor DNA has been added. If this had been so, only
approximately 15% of the lambda clones (the proportion expected to
contain amplified DNA sequences) represented on a given filter should
have shown significant levels of hybridisation to the probe in the
presence of competitor DNA. From Figure 3.1.A, it is clear that a
larger proportion of clones than expected is detected with the
'competed' probe. Some of these clones, therefore, must contain
sequences which are unamplif led in EL4/8 cells. They must also
contain some sequences which are repeated in the EL4/8 genome: single
copy, unamplif led sequences would not have been detectable In this
screen, since hybridisation to clones in classes 3 and 4, which
contain single-copy sequences amplified around 1000-fold, gives a
very low signal.

One reason why competed 32P-labelled probe may hybridise to
a significant extent to clones containing unamplified sequences may
be that the unlabelled competitor DNA does not saturate all of the
complementary sequences bound to the filter, leaving excess singlestranded DNA for hybridisation of the labelled fragments. In
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addition, hybridisation of the above type may be facilitated by the
formation, in solution, of partially renatured molecules, between

32 P-labelled and unlabelled homologous sequences. Singlestranded regions of these concatenates may then hybridise to the
filter-bound DNA (Flavell et al, 1974). The rate of formation of
concatenates by renaturation of. sequences in solution increases with
the square of concentration of a given sequence (Wetmur and Davidson,
-

1968). The concentration of EL4/8 repeated sequences is 1000-fold
higher in the presence than in the absence of competitor DNA. There
is thus an increased probability that in the presence of competitor
DNA, 32 P-labelled sequences will form concatenates, which may
subsequently bind to DNA on the filter.

Given that clones containing unamplif led sequences hybridised,
to some extent, the 32P-labelled fragments in the 'competed'
probe, then, on the basis of the plus-and-minus screen alone,
distinction between these clones and those containing certain types
of amplified sequence becomes impossible. Clones containing singlecopy, maximally amplified sequences are not a problem, since the
level of hybridisation of the probe to such clones should not be
significantly different, whether in the presence or absence of
competitor DNA. However, if clones contain either sequences which are
single-copy, but amplified substantially less than 1000-fold in EL4/8
cells, or sequences which are repeated in the EL4/wild genome, but
only a few copies of which have been amplified in EL4/8 cells, then
their hybridisation to EL4/8 DNA may be significantly competed by
EL4/wild DNA.

To give a numerical example, consider a sequence present at 1000
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copies in the EL4/wild genome, 10 copies of which are amplified 1000f old in the EL4/8 genome. The EL4/8 probe thus contains 11,000
copies, per genome, of this sequence. Addition of a 1000-fold excess
of competitor, EL4/wild DNA would result in the addition of 10 6
(1000 x 1000) copies per EL4/8 genome. Thus a clone containing such
a sequence will give a hybridisation signal which is reduced
approximately 100-fold in the presence of competitor DNA. The
precise reduction In signal will depend on the type of additional
sequence (if any) to which the repeated sequence is linked in a given
clone. Whatever the precise reason, similar levels in reduction of
hybridisation signal to that described above are found in clones
which do not contain any amplified sequences, leading to practical
difficulties in distinguishing between the two types of clone.

To attempt to Isolate clones containing repeated sequences which
are amplified, or sequences amplified less than 1000-fold, it was
therefore necessary to chose clones to which hybridisation was
competed to some extent in the plus-and-minus screen. These clones
were grouped into classes 5 and 6. As discussed previously, these
classes contained the highest proportion of clones subsequently shown
not to contain amplified DNA. This result was expected, for the
reasons discussed above.

Experiments which confirm whether or not a clone picked by using
the plus-and-minus screen contains amplified sequences are
illustrated In Figures 3.2., 3.3. and 3.5. The type of experiment
shown In Figures 3.2. and 3.5.Is a repeat of the plus-and-minus
screen, but in this case to blots of restriction enzyme digests of
the DNA isolated from clones, rather than simply a screen of
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undigested DNA present in colonies or plaques. By breaking down the
DNA present in a clone into several fragments, repeated sequences may
be separated from single-copy sequences (see, for example, X3b in
Figure 3.2.). Fragments containing the latter should then give
uncompeted hybridisation in a plus-and-minus screen, whereas the
clone as a whole may give a competed signal.

Even on the basis of a plus-and-minus screen to digested DNA,
clones containing amplified sequences may continue to show competed
levels of hybridisation. Two such cosmid clones (GG4 and -) are
illustrated in Figure 3.5. These cosmids are each related to several
of the unambiguously amplified sequence-containing lambda clones.
The reason for the plus-and-minus screen hybridisation behaviour of
clones such as CG4 and Zinay be that either every restriction
fragment produced on digestion with Hindill contains some repeated
sequences or/and the sequences are amplified less than 1000-fold in
EL4/8 cells. On the basis of the plus-and-minus screen, cosmids GG4
and M, might be expected to contain similar types of DNA sequences
(with respect to degree of amplification and copy number in the EL4/8
genome) as, for example, those present in cosmids GB1, GC12 and
HF7. It has not been possible, however, to fit these latter three
cosmids into a map of amplified DNA and none contain single-copy
sequences related to those present in the 22 lambda clones. Whether
or not GB1, GC12 and HF7 contain DNA amplified in EL4/8 cells remains
unclear.

Cosmids GB1, GC12 and HF7 are three members of the group of 58
cosmids selected after screening cosmid clones with the mixture of 22
lambda clones, but which contain no single-copy sequences with
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detectable homology to single-copy sequences present in these lambda
clones. Of these 58 cosmids, 40 meet the criterion for containing
amplified sequences on the basis of a plus-and-minus screen to
Hindlil digests of their DNA. 29 of these 40 contain at least one
fragment to which the level of hybridisation is unchanged in the
presence of competitor DNA; hybridisation to the remaining 11
cosmids is no more competed than that of certain cosmids known to
contain amplified sequences (e.g. GG4 and .2; see discussion above).

In section 3.5., a hypothesis to explain the hybridisation
behaviour of these 40 cosmids was suggested. This theory predicts
that the cosmids do contain amplified sequences, but that the only
homologous regions between these sequences and those present in the
22 lambda clones are short, repeated sequences, amplified in EL4/8
cells but present at only a low copy number in EL4/wild cells. One
way in which to test this hypothesis would be to reassociate a
32 P-labelled lambda probe with unlabelled, total genomic DNA
from EL4/8 cells, to a Cots value such that all repeated sequences
are renatured. If the cosniids contain sequences which are repeated
in the EL4/8 genome, then a lower level of hybridisation to the
cosmid DNA should be obtained with a lambda probe pre-reassociated as
above, than with one from which repeated sequences have not been
removed.

If this type of hybridisation behaviour were found, it would be
reasonable to conclude that the difference between these 40 cosmids
and other, non-selected cosmids was a property of the cloned, EL4/8
DNA and not of any undefined, non-specific property. That
properties unrelated to the cloned sequences are responsible for the
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hybridisation behaviour is considered to be unlikely, for reasons
discussed in section 3.5.

If the hypothesis suggested in section 3.5. is true, then it
should be possible to demonstrate that every cosmid contains
amplified sequences by using each one as a probe against digested
EL4/wild and EL4/8 DNA, in a manner analagous to that described for
the lambda clones in section 3.2. In order to remove homology
between repeated sequences present both in each cosmid and in the
EL4/wild genome, the probe should be reassociated with unlabelled
EL4/wild DNA, prior to hybridisation (see chapter 1, section 1.6.2.
and also Sealey et al, 1985). Alternatively, but more
labouriously, a single—copy sequence probe could be derived from
each cosmid by subcloning Into a plasmid vector.

Use of the former type of probe (i.e. one from which repeated
sequences have not been removed) is more informative. If each cosmid
contains sequences which are repeated in the EL4/8 genome, but not in
the EL4/wild genome, then hybridisation of the cosmid to EL4/8 DNA
might be expected to result in the detection of either a background
smear or a series of discrete bands. This type of behaviour would
also be predicted on hybridisation of the 22 lambda probes to EL4/8
DNA. Figure 3.3. shows that smears are visible after hybridisation
Ok-

with many of the lamba clones. In some cases, a significant
hybridisation smear is only visible to EL4/8 DNA (e.g. 3e, 5(4)h,
6(3)e, 6(4)m, 6(3)o). In other cases, hybridisation is also
detectable to EL4/wild DNA, although to a lesser extent than to EL418
DNA (e.g. 3j, 4e, 5(3)g, 5k, 6k). An equal amount of each genomic
DNA was present on the filters. It should be noted, however, that
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some of the smearing is probably due to hybridisation to degraded
fragments of DNA.

In summary, this chapter describes the identification and
isolation of 22 lambda clones and 34 cosmid clones which contain DNA
sequences that are amplified in the EL4/8 genome. In total, the
lambda and cosmid clones contain approximately 300kb and 1224kb of
EL4/8 DNA, respectively. A further 252kb of DNA, cloned in 7
cosmids, is probably amplified in EL4/8 cells. If one amplified unit
in EL4/8 cells is assumed to be 1000kb long, then it is unlikely
that the cosmid clones, known to contain overlapping sequences from
their homology to the lambda-cloned sequences, will span an entire
unit. Mapping of the amplified sequences isolated in both the
cosmid and lambda clones is described in Chapter 4.

The question of whether or not the 58 cosmids, which could not
be fitted into any map of amplified DNA, contain sequences which are
amplified in EL4/8 cells remains unanswered by the data presented in
this thesis. There is some evidence, discussed above, to favour an
affirmative answer in the case of 40 of these 58 cosmids.
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CHAPTER 4
MAPPING EL4/8 AMPLIFIED DNA
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4.1.

Mapping DNA sequences

4.1.1. Identification of clones containing overlapping DNA
sequences

The first stage in mapping a. stretch of DNA present in a series
of individual clones is to group clones which contain related, or
overlapping sequences. As discussed in section 1.6.2., this grouping
is concomitant to the isolation of clones by the walking method.
However, the random selection method was used during the course of
the work presented here and so the problem of grouping clones is a
relevant one.

Determination of the base sequence of a fragment of DNA is the
definitive method of characterising that fragment. However, it is
possible to identify related sequences of DNA by using alternative
and more rapid methods of characterisation than that of DNA
sequencing.

Two fragments of DNA are related if they both show hybridisation
to the same, radioactively-labelled DNA probe. The usefulness of
this type of test in determining whether or not any two cloned
sequences in a library come from the same region of the genome
depends on the sequence complexity of the probe used. Clearly, if
the probe consists of the total genomic DNA with which recombinant
clones were constructed, then all clones will be related by that
probe. However, if the probe consists of a sequence present as only
a single copy in the genome, then it should hybridise to only a small
subset of clones. Furthermore, there is a high probability that the
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group of clones hybridising to the single-copy probe will contain an
overlapping or contiguous base sequence, identical to that in the
probe. (The exception would be the case in which two or more clones
containing sequences present at the ends of the probe had been
identified, without concurrent hybridisation to a clone containing
sequences at the centre of the probe.)

The use of hybridisation techniques to detect sets of clones
containing related sequences therefore depends on the availability of
suitable probes. With respect of defining related subsets within a
set of clones known to contain amplified DNA, both single-copy and
repeated-sequence probes may be useful, provided it is known by
alternative methods that one or more copies of the sequence in
question is amplified. Subsets identified by their relationship to a
repeated-sequence probe must be analysed by additional means, in
order to determine whether or not the clones within such a subset do
contain sequences from a single region, or from several different
regions in the genome.

A second characteristic by which two or more cloned DNA
fragments may be related is by the common presence of one, or more,
restriction fragment(s) of the same length. Several points must be
considered when using the property of only size of restriction
fragments to relate the sequences present in different clones. The
first point relates to the accuracy with which the length of a
restriction fragment may be measured. When placed in an electrical
field, the mobility of a linear DNA fragment is, broadly speaking,
inversely proportional to its length (Southern, 1979). The unknown
length of a fragment of DNA may be estimated by comparing Its
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mobility with that of a fragment of DNA of known length. The
accuracy of the estimated value depends on the quality of the gel
separation of the DNA restriction fragments; on the availability and
choice of suitable standards of known length and on the method by
which mobility is measured.

The properties, nature and quality of gels are often limiting
factors in accurately determining the lengths of a set of DNA
fragments. It is impossible, on one agarose gel, to achieve
satisfactory running conditions for fragments ranging in size from a
few hundred base pairs to around 25kb. If the smallest fragments are
visible, the largest ones will be overloaded, leading to distortion
of the bands. Ideally, several gels should be run. These should
include gels made with varying percentages of agarose, to maximise
separation of different size ranges of restriction fragments. To
accurately determine the sizes of fragments of less than about 2kb,
polyacrylamide gels should be run. However, this would be very timeconsuming and generally not practicable. In addition, it is probably
unnecessary to measure all restriction fragments with maximum
accuracy in order to relate DNA sequences present in separate clones.

Standard fragments should preferably span the entire range of
lengths covered by the unknown fragments. This is not always
feasible, particularly when small fragments of unknown length are run
on agarose gels.

Elder and Southern (1983) showed that the reciprocal method for
relating DNA mobility to length was the most accurate available.
They used three different ways to measure the mobility of a polymer
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series of the plasrnid pAT153: by using a digitizing tablet; a Joyce
Loebi analogue microdensitonieter and a digital microdensitometer
(Elder et al, 1983). The mobility values obtained by each method
were converted to length estimates using the reciprocal method and
the accuracy of each measurement determined by comparison with the
known length of the polymer fragments. The digital microdensitometer
gave estimates with a 5-10 fold smaller percentage error than the
other two methods. A more sophisticated version of the digital
microdensitometer mentioned above has since been developed (Elder et
al, 1986; see also section 2.11). This advanced model was used
during the course of the work presented here in order to estimate the
lengths of retriction fragments. Some error is always present in the
mobility estimation of a DNA fragment and this must be taken into
account when comparing the length of two or more fragments.
S

When trying to determine whether or not one clone contains
sequences which overlap with those in another, it is important to
take into account the fact that two restriction fragments of the same
length, derived from the same genome, need not necessarily have an
identical sequence. This point is of particular importance since, as
mentioned above, it is extremely difficult - except by sequencing to measure the precise length of a DNA fragment. The larger the
error in estimation of the size of a given fragment, the larger the
number of apparently identical molecules there will be in a set of
fragments derived from a single source.

The probability (P) that a fragment of a given length present in
one clone is the same (with respect to sequence) as that present in a
second clone, is dependent on several factors. Firstly, P is
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dependent on the recognition site for the restriction enzyme used to
generate the fragments in question. The probability (R) of a given
recognition sequence occurring in any genome may be calculated if the
base composition of the genomic DNA is known and if it is assumed
that the order and distribution of the bases is random. For example,
Hindlil recognises the base sequence AAGCTT. Assuming that the base
composition of the mammalian genome is 40% CIG and 60% A/T, then fo
the sequence AAGCTT, the value of R is equal to (0.3)4 . (0.2)2
For each restriction enzyme, there is a distribution about a norm of
sizes of fragments which are produced by cleavage of DNA. Thus P is
also dependent on the length (L) of the restriction fragments in
question. Even in totally unique sequence DNA, where no two
restriction fragments would contain the same sequence, fragments of
a size close to the norm will occur and will give rise to questions
of identity.

Thirdly, P depends on the total length (N) of the DNA from which
the fragment is derived. The greater the value of N, the greater the
chance of finding two fragments of the same length which are not
composed of the same base sequence and thus the smaller value of P.
If ihe length N were equal to L then P must be equal to one.

Finally, if the two restriction fragments being compared are
present in two different clones, then P is dependent on the length of
DNA cloned. The reason for this Is that if L is present once in one
clone, then the length of the pool of DNA in which a second fragment
of length L might be found is equal to (N - C), where C is the length
of DNA cloned.
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If two clones have only one potentially identical restriction
fragment, the fragment must be at one end of the cloned DNA in each
case. The probability that two cloned stretches of DNA are
different decreases with the number of restriction fragments which
they share.

It is not easy to calculate values of P for two fragments of DNA
thought to be amplified in a given cell line. The main point of
ambiguity is the choice of value to place on the length of DNA (i.e.
N) fràm which sequences are cloned. Should this length be equal to
that of the whole genome? If It is assumed that clones are correctly
identified as containing amplified DNA, then this value is too
large. Alternatively, the total length contributed by amplified
sequences in one cell could be used. However, since amplified DNA is
known to contain tandemly repeated structures, this second value
would also appear to be too large. It is also not possible at the
outset to account for variant arrangements of amplified sequences
until they have all been identified. A reasonable approximation of
length with which to start might be that which is estimated to be
amplified on average per gene copy, i.e. the length of an 'amplified
unit'.

In practice, it is often possible to group clones with three or
more restriction fragments in common after analysis by eye of
photographs of EtBr—stained gels, on which digested DNA has been
run. For the work presented here, analysis by eye, in conjunction
with hybridisation data, was the only method used to match the
restriction fragments present in different cosmid clones. Clones
which potentially share fewer than three restriction fragments must
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invariably be related using hybridisation techniques, as discussed
above. It should be pointed out that because of the numerous
variations in arrangement of amplified DNA, clones containing
sequences which appear to be related on the basis of hybridisation
experiments may not have any restriction fragments in common. That
is, in the amplified DNA, such clones are non-contiguous and come
from different variants of the amplified unit.

The confidence with which two clones are claimed to contain
related sequences obviously increases with the number of features
which they share. Digestion of samples with more than one enzyme,
singly and in pairs, helps to distinguish groups of related clones.
Cross-hybridisation of one clone with another also provides a good
test for identifying related sequences, although this would be
laborious for a large number of clones. Generally, the greater the
length of DNA shared by a pair of clones, the easier it is to
show that they overlap.

4.1.2. Ordering the restriction enzyme fragments present
within a clone

To produce a restriction map of a given piece of DNA, the
position of each fragment relative to all of the other fragments must
be known. Some restriction fragments which are common to a set of
different clones may be ordered without the use of experiments
designed specifically for this purpose. Thus if two clones, A and B,
share only two fragments, a and b, which are known to be identical,
then a and b must be adjacent to each other and at one end of the
sequences cloned in both A and B. Whether a or b is the terminal
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fragment cannot be determined from this information alone. If a
third clone, C, were isolated, which was identical to A apart from
lacking fragment b, then fragment b would be identified as the
terminal fragment in each of A and B. This type of fragment ordering
has been used in the construction of the maps presented in this
chapter.

One approach to ordering the restriction fragments present in a
single clone is to use partial digestion of an end-labelled fragment
of linear DNA (Smith and Bernstiel, 1976). If the partial digestion
is such that each DNA molecule is cleaved, on average, only once,
then on separation of the digestion products by gel electrophoresis,
a ladder of end-labelled fragments should be produced. The
difference in size between each successive end-labelled band
represents the length between neighbouring restriction sites.

This approach is useful for DNA molecules which are linear or,
if circular, for which a restriction recognition site present only
once in the molecule may be easily found. The probability of finding
such a site decreases with increasing length of DNA molecule. In
cosmid molecules, the 12bp sequence forming the cohesive termini (cos
site), derived from bacteriophage lambda, offers a unique site for
cleavage of every molecule. The cos site is cleaved by the enzyme
terminase (Ter), encoded by the lambda genes Nul and A (Gold and
Becker, 1983; Sumner-Smith et al, 1981). The Ter-mediated reaction
may be carried out both in vitro (Becker and Gold, 1978) and in
vivo (Murialdo and Fife, 1984) even in the absence of phage
proheads (the proheads are not present in cosmid-host systems).
Recently, a group of cosmids have been restriction mapped following
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cleavage at. the cos site with a Ter-extract (Rackwitz et al,
submitted for publication).

The cos sequence of lambda and cosmid vectors offers a second
useful property which has been exploited for rapid restriction
mapping (Rackwitz et al, 1984). In this procedure, partial
digestion products of the desired, linearised cosmid or lambda clone
are labelled at either the right or left cohesive lambda terminus by
hybridisation with a 32P-labelled oligonucleotide complementary
to the single-stranded cos site in question. The products of the
partial digestion and cos site labelling are then analysed by gel
electrophoresis, as above.

4.1.3. The application of pulsed-field gradient gel
electrophorsis to long-range mapping

The most promising technical development for long-range mapping
is that of pulsed-field gradient gel electrophoresis (PFG) (Carle and
Olson, 1984; Schwartz and Cantor, 1984). This type of electrophoresis allows the separation of DNA fragments ranging from about 502000kb in size. Clearly, if sequence specific DNA cleavage,
resulting in fragments of several hundred kb can be produced, then
the scope for mapping is enormous. The technique offers the
possibility of ordering single-copy sequence probes separated by
several hundred kb, regardless of whether or not the intervening DNA
contains sequences which are highly repeated in the genome. Limited
digestion of genomic DNA may be produced by using restriction enzymes
with either an 8bp recognition site (e.g. NotI, Sf11) or/and a GC-
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rich recognition site.

In order to use PFG for mapping, suitable size markers are
required. Various bacteriophages with DNA of known lengths have been
used (Cane and Olson, 1984; Schwartz and Cantor, 1984). Oligomers
of bacteriophage lambda DNA offer a good distribution (multiples of
50kb) of size markers; a maximum of 31 ligated lambda DNA molecules
(1550kb) has been achieved (Cantor, unpublished results).

4.1.4. Summary

Several of the problems involved In mapping long expanses of DNA
have been discussed above. New techniques for analysing the
structure of DNA are continually being developed. Such techniques
frequently enable more rapid mapping, an improved accuracy of the
maps which are produced and also enable regions of DNA (such as long
stretches of repeated sequences), unapproachable with pre-existing
techniques, to be mapped. The use of some of the techniques
discussed above to generate maps of certain regions of DNA amplified
in EL4/8 cells is illustrated in the following sections.

4.2. Summary of analyses of cosmid DNAs performed to identify
clones containing overlapping EL4/8 sequences

In this chapter, the maps of sections of DNA amplified in EL4/8
cells are presented. The construction of two of these maps, one of
which spans the dhfr gene, is described in detail. Overlaps between
DNA cloned in different cosmids were identified on the basis of
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shared restriction fragments and of shared hybridisation behaviour to
a variety of probes, as discussed in the preceding section.

The following analyses were carried out on DNA isolated from
each cosmid clone:

Digestion with the restriction enzyme Hindill. Hindill
exactly excises cloned EL418 DNA from pJB8 DNA.

Digestion with the restriction enzyme BainHI. BamHIdigested EL4/8 DNA was cloned into ENBL3. Digestion of cosmid DNA
with BamHI should produce some fragments of the same size as those
cloned in EMBL3, thus facilitating recognition of cosmid and lambda
clones which contain homologous sequences.

The restriction fragments produced by both BamHI and Hindill
digestion of cosmid DNA wete sized using a digital microdensitotneter
(see section 2.11). The microdensitometer was operated by Dr. John
Elder.

Hybridisation to both Bain}1I and Hindlil digests of cosmid
DNAs with pdhfrll. pdhfrll is a plasmid clone containing a 1600bp
cDNA of the dhfr gene (Chang et al, 1978; Nunberg et al, 1980).
The clone includes exons I-VI and also the 5' and 3' non-translated
regions of the dhfr gene.

Hybridisation to both BamHI and Hindlil digests of cosmid
DNAs with X3s DNA.

X3s was originally isolated from a library

made from a dm preparation from EL4/8 cells (Caizzi and Bostock,
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1982). The same clone was also isolated from the EMBL3 library
constructed during the course of the work which is presented in this
thesis. X3s was shown to contain a sequence which is single copy
in the EL4/wjld genome, but which is amplified to an approximately
equal degree (around 1000-fold) in MTX-resistant EL413, 83% 11 and 12
cells (Caizzi and Bostock, 1982).

Hybridisation to Hindill digests of cosmid DNAs with 3e
DNA. X3e was isolated from the EMBL3 library described previously
and contains single copy and low copy number sequences which are
amplified in the EL4/8 genome (Figure 3.3).

Hybridisation to BamHI digests of cosmid DNAs (in
independent experiments) with DNA from: pdm45-5.3; X46; X54;
X57; X63 and X77. pdm45-5.3 is a plasinid containing a 5.3kb
BamHI fragment subcloned from A45. X clones45-77 were isolated
from the X1059 library constructed using an EL4/8 din fraction
(Caizzi and Bostock, 1982). The 5.3kb fragment present in pdin45-5.3
was shown to contain a single-copy sequence which is amplified in
EL4/8 cells, but which is absent from the DNA amplified in EL4/3, 11
and 12 cells (Caizzi and Bostock, 1982). X clones 46, 54 9 57, 63
and 77 were shown to contain sequences which are present at a singlecopy level in the EL4/wild genome (Caizzi and Bostock, unpublished
results) .and these sequences were presumed to be amplified in the
EL4/& genome (see section 4.7).

Hybridisation to both BaniHI and Hindill digests of cosmid
DNAs with a mixture of DNAs isolated from each of the 22 lambda
clones shown to contain EL4/8-amplified sequences (section 3.3).
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Hybridisation to both BamHI and Hindill digests of cosmid
DNAs with pMRB1.3 (Meunier-Rotival et al, 1982). This plasmid

includes a 4.0kb Bam}II fragment containing a sequence repeated at
several thousand copies in the mouse genome (the so-called 'MIF'
sequence). In BamHI-digested EL418 DNA, MIF-homologous sequences are
present predominantly in 7.3kb and 5.1kb fragments, in addition to
the 4.0kb fragment (Caizzi and Bostock, 1982). These rearrangements
of MIF sequences apparently occurred during DNA amplification in
EL4/8 cells.

Hybridisation (in separate experiments) of DNA from each
of the 22 lambda clones to undigested cosmid DNA, bound from colonies
grown on nitrocellulose and to dot-blots of DNA.

In the following sections, unless otherwise indicated, the term
'all cosmid clones' refers to the 99 cosmid clones selected after
screening with 22 lambda clones which contain EL418 amplified
sequences. Likewise, the term 'all lambda clones' refers to the
above 22 lambda clones, whose identification and isolation is
described in section 3.3.

4.3. Limitations of amplified DNA maps

Two features of the maps of EL4/8 amplified DNA which are
presented in the following sections should be noted. Firstly, it has
not been possible, owing to the time limit set for this thesis, to
carry out experiments specifically designed to order restriction
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fragments within any one cosmid or lambda clone. The order of some
fragments could be determined for regions of the amplified DNA which
are present in more than one clone. In general, the greater the
number of overlapping clones spanning a given region, the greater the
number of restriction fragments which may be ordered. For example,
the map based on X clones 4c, 5(3)g, 5d and 6a and on 6 cosmids
(see Figure 4.10) spans approximately 91kb and includes 8 regions of
DNA in which the Hindill restriction fragments could not be ordered
using the available data. In total, these 8 regions of DNA cover a
length of approximately 44.9kb. The map based on X5f and on only
three cosmids (see Figure 4.16) spans approximately 76kb of DNA and
includes 5 regions of DNA in which the Hindlil restriction fragments,
totalling a length of about 62.8kb, could not be ordered.

In some maps (see, for example, that based on Xs 61 and
6(3)d, in Figure 4.15), certain constraints on the order and
relative orientation of some restriction fragments are imposed by the
available data, whilst the remaining restriction fragments could take
up one of several possible arrangements. The 'fixed' points of a
given map are Indicated in the relevant figure, but not all possible
arrangements of the unfixed regions are shown.

The second feature of the maps to be noted is that almost every
map includes certain anomalies with respect to non-additive lengths
of Hindlil and of BamHI restriction fragments. For example, cosmid
clone 1D6 (Figure 4.16) apparently contains about 39.7kb of DNA in
Hindlil fragments, but about 45.5kb of DNA in BamHI fragments. (The
total Insert length of every cosmid, estimated using both BamilI and
Hindlil digests, is given in Appendix IA.)
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Two factors which contribute to this type of anomaly are as
follows. Firstly, the errors made in estimating the length of every
restriction fragment may be additive. To some extent, over- and
under-estimates in length should balance Out, but cases will
undoubtedly arise in which, for a given clone, all of the lengths of
restriction fragments produced by digestion with one enzyme are overestimated, whilst the lengths of a second type of restriction
fragment are under-estimated. The existence of overlapping clones
helps to compensate for some errors in measurement of fragment
length. More accurate mean estimates of fragment lengths could be
determined by scanning multiple gels on which the same DNA samples
had been run. As discussed in Section 4.1, it is not possible to
obtain optimal resolution of a large range of sizes of restriction
fragments on one gel. Improved accuracy in length estimates would
therefore also be obtained by using several different gels made with
various percentages of agarose and by using polyacrylainide gels.
Secondly, on agarose gels of the type used during the course of this
work, fragments of less than about 500bp in length are not easily
detected. Such fragments may either run off the end of the gel, or
be masked by small amounts of degraded DNA which may be present and
sometimes visible as a smear at the bottom of a gel, or chelate
insufficient EtBr to be detected on photography using U.V.
illumination. In order to identify and size such fragments,
polyacrylamide gels should be used. It is not possible to determine,
in the majority of cases, which of the above two factors is
responsible for the observed anomalies in summative lengths of
restriction fragments. It is likely that both factors are frequently
involved together.
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The 'best fit' of restriction fragments has been presented in
all maps. Any large anomalies, where it seems that specific
restriction fragments may have been missed, are indicated.

4.4. Construction of map spanning the dhfr gene

4.4.1. Identification and characterisation of seven cosmid and
two lambda clones with homology to pdhfrll

Hybridisation of 32P-labelled pdhfrll to Hindill and to
BamHI digests of DNA prepared from all cosmid clones showed that 7
cosmids contained pdhfrll-homologous sequences (Figure 4.2.). From
the map of restriction fragments surrounding the dhfr gene in mouse
sarcoma S180 cells (Crouse et al, 1982), it was predicted that
Hindill fragments with lengths of approximately 3.4kb (containing the
51 untranslated region, exon I and exon II); 3.8kb (containing exon
III); 3.4kb (containing exons IV and V) and 12.9kb (containing exon
VI and the 3' untranslated region), should show homology to pdhfrll.
Figure 4.2.A. shows that cosmids BF5, GF3, H5, 1E2 and JF4 contain
some pdhfrll-homologous fragments of the expected sizes. The
hybridisation results for these 5 cosmids is consistent with the
interpretation that each cosmid contains the VIth exon and 3'
untranslated region of the dhfr gene and that cosmids 1E2 and JF4
contain, in addition, exons III and IV. Analysis of the lengths of
Hindlil restriction fragments present in JF4 (see Appendix IIB)
showed that they correspond exactly to the fragments spanning the
entire length of the dhfr gene, as mapped by Crouse et al (1982).
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FIGURE 4.1 Hindill restriction fragment complement of cosmids
panng or adjacent to the dhfr gene

The figure shows photographs of sections of EtBr-stained 075%
agarose gels on which Hindlil digests of DNA from the cosmid clones
indicated at the top of each track were run. Different samples were
run on different gels, thus not all identical restriction fragments
may be exactly aligned (see, for example, fragments in cosmids GF3
and Fcll) ,.
== indicates the 505kb fragment of pJB8 DNA, common to every
recombinant cosmid0 The tracks marked 'X contain a mixture
of EcoRI and Hindill digests of Xc1ts857 DNA.

1
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FIGURE 4.2. Hybridisation of pdhfrll to cosmid clones
Separate samples of cosmid clone DNA were digested with Hindlil
(4.2.A.) and with Barn HI (4.2.B.) and electrophoresed on 0.75%
agarose gels. The D
was transferred to nitrocellulose and the
filters probed with P-labelled pdhfrll DNA. After
hybridisation, the filters were washed in 0.1 x SSC, at 60 0 C and
then autoradlographed.

M

The names of pdhfrll -homologous cosmids are given at the top of
each track. The track marked '' contains a mixture of EcoRI and
Hindill digests of XcIts857 DNA. Sizes of fragments (in kb) are
given to the left-hand side of the figure. The 21.2 and 23.1kb
fragments, derived from EcoRI and Hindill-digested A DNA,
respectively, were not resolved on these gels: 22.2kb is the average
length of these two fragm nts. pdhfrll-homologous fragments are
labelled with an arrow (
) and the length of each fragment (in kb)
is given beside each arrow. > indicates a fragment which
includes 5.5kb of pJB8 DNA and which is homologous to the plasmid DNA
present in pdhfrll.
indicates hybridisation to a partial
digestion product.
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1E2 lacks one 3.4kb HindIll fragment which is present in JF4; these
two cosmids are otherwise identical. If JFA contains the complete
dhfr gene, hybridisation of pdhfrll to two separate 3.4kb bands in
JF4 must have occurred. (Two 3.4kb bands can be resolved by eye in a
photograph of an EtBr-stained gel - see Figure 4.1. - but they were
not resolved by the digital microdensitometer.)The 3.8kb fragment
includes exon III, which is only 106bp long (Crouse et al, 1982).
The short length of sequence homology between the 3.8kb fragment and
pdhfrll probably explains why hybridisation to this fragment was not
detected in either 1E2 or JF4, after the autoradiograph exposure time
used in this experiment. Hybridisation of pdhfrll to BamHI fragments
of the expected sizes (4.8 or 17.7kb; see dhfr gene map, Figure 4.7),
or to cosmid clone end fragments (i.e. one including a HindIIIBainHI
restriction fragment) of the predicted size, was found for each of
BF5, GF3, H5 and JF4; see Figure 4.2.B. BamHI-digested DNA from
cosmid 1E2 was not hybridised with pdhfrll.

In summary, cosmid JF4 spans the entire dhfr gene. Cosmid 1E2
lacks the 5' region of the dhfr gene, which includes exons I and II.
Cosmids BF5,. GF3 and H5 contain only the VIth exon and 3'
untranslated region of the dhfr gene.

Cosmids EA5 and 1C7 both contain two fragments of 3.4 and 6.2kb
in length which show homology to pdhfrll. The level of hybridisation
to the 3.4kb band in EA5 is more intense than that to tbe 3.4kb band
in 1C7. This suggests that EA5 may contain two 3.4kb fragments,
which include the sequences of exons I, II, IV and V. Doublet bands
of about 3.4kb in length are visible on EtBr-stained gels on which
Hindlil-digested EA5 DNA has been run. 1C7 contains only a single
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band of this length.

The Hindill restriction fragment complement of both EA5 and 1C7
suggests that at the 3' end of the dhfr gene, they each contain a
rearrangement of sequences relative to that present in the wild-type.
This rearrangement results in the loss of the 12.9kb HindIll fragment
which includes exon VI and the 3' untranslated region of the dhfr
gene. Instead, the latter regions appear in a 6.2kb fragment. In
order to confirm that the rearrangement characterised by the 6.2kb
Hindlil fragment present in cosmids EA5 and 1C7 was a product of DNA
amplification in EL4/8 cells, 32P-labelled pdhfrll was hybridised
to Hindlil-digested EL4/8 and EL4/wild DNA. A 6.2kb band was
detected in EL4/8 DNA, but not in EL4/wild DNA (data not shown).The
5' end of the rearrangement appears to differ in detail in each of
EA5 and 1C7 (see maps in Figure 4.7.). It is not clear whether or
not both rearrangements are present in the amplified DNA of EL4/8
cells, or if one difference was generated during cosmid propagation.
The hybridisation pattern of pdhfrll to BamHI-digests of EA5 and IC7
suggests that the rearrangement in 1C7 represents one generated
during DNA amplification in EL4/8 cells, whereas that in EA5 may
not. 1C7 contains a BamilI fragment of approximately 16.0kb in length
which is homologous to pdhfrll. The hybridisation to pdhfrll of the
17.75kb band in BamHI-digested IC7 (Figure 4.2.B.) is due to homology
to pBR322, since this fragment includes 5.5kb of the cosmid vector,
pJB8 (see map in Figure 4.7). BamHI-digested EA5 DNA contains pdhfrll
homologous fragments of 15.9kb and 7.8kb in length. It is the 7.8kb
fragment which derives from the rearrangement at the 3' end of the
dhfr gene; the 15.9kb fragment is an end fragment, spanning the 5'
end of the dhfr gene (see Figure 4.7.). Tyler-Smith and Alderson
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(1981) found that BamHI-digested EL418 genomic DNA contains a
fragment of about 18-20kb which is homologous to a probe derived from
the 3' non-translated region of the dhfr gene cDNA in pdhfrll. A
pdhfrll-homologous fragment of 7.8kb was not detected with this
probe. It is possible that the EA5-like rearrangement is present in
EL4/8 cells, but at an insufficiently high copy number to have been
detected in the experiment described above.

The EA5-pdhfrll hybridisation results are anomalous. It-is not
clear how all of exons IV, V, VI and the 3' non-translated region
could be included in one 7.8kb BainHi fragment, as would seem to be
the case from the results presented in Figure 4.2. Hybridisation of
pdhfrll to a 17.3kb BamHI fragment would be predicted on the basis of
the restriction enzyme map (Figure 4.7), but it appears that
hybridisation only occurs to a single large band (i.e. that at the 5'
end of the dhfr gene) inBainHI-digested EA5 DNA (Figure 4.2.3.;
compare tracks EA5 and 1C7).

Lambda clones 61 and 6k were each shown to contain a 4.8kb BaniHI
fragment homologous to pdKfrll (data not shown). From the
restriction data presented by Crouse et al (1982) this 4.8kb
fragment Is predicted to include the sequences of both exon VI and
the 3' non- translated region of the dhfr gene. The sizes of the
additional BamHI fragments cloned in both X61 and A 6k are also
consistent with the maps derived for this region of the dhfr gene.
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4.4.2. Characterisation of two alternative arrangements of
amplified DNA lying 3' to the dhfr gene

Analysis, after staining with EtBr, of the banding pattern
produced by Hindlil digestion of DNA of all 98 cosmid clones
suggested that the EL4/8 DNA sequences present in cosmids BF5, H5 and
1C7 were related to those present in cosmids DB1, GH3, GH6 and IF1O
(see Figure 4.1.). On the other hand, even although cosmid GF3

shares the fragments derived from the 3' end of the dhfr gene with
cosmids BF5 and 115, it also shares 8 HindIll restriction fragments
with cosmid FC11, 7 of which are not found in BF5 and 115. These
observations suggest that during amplification, there might have been
a rearrangement beyond the 3' end of the gene, in addition to that
within the 3' end of the dhfr gene. The BamHI and Hindill restriction
fragments of cosmids GF3 and FC11 showed greater similarity to those
defined by the restriction map of the dhfr gene region constructed by
Crouse et al (1982), than did the BamHI and Hindlil restriction
fragments of the BF5-like group of cosmids. This suggested that the
inserts in cosmids GF3 and FC11 are most likely to represent the wildtype arrangement of sequences and that those present in the BF5-like
group might have been derived from a rearrangement occurring during
amplification in EL4/8 cells.

Hybridisation of Hindill-digested DNA of all cosmid clones with
X3e DNA showed that cosmids BF5, DB1, GH3, GH6, H5, 1C7 and IF10
each contained sequences homologous to those pesent in X3e (figure
4.3.). This result confirmed the sequence relationship expected from
the similarity in lengths of restriction fragments shared by these
cosmids. Neither cosmid GF3 nor cosmid FC11 showed homology to
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FIGURE 4.3. Hybridisation of X3e to cosmid clones
DNA samples from cosmid clones were digested with Hindill and
then electrophoresed on 075% agarose gels. T DNA was transferred
to nitrocellulose and the filters probed with P-labelled X3e
DNA. After hybridisation, the filters were washed in Ol x SSC at
60 0 c and then autoradiographed 0
The names of the cosmid clones which shared strong homology to
X3e are given at the top of the relevant track; cosmid H5 gave an
identical pattern to cosmid BF5 and is not illustrated0 > indicates
hybridisation to partial digestion products0 > indicates
hybridisation to the 505kb pJB8 DNA fragment, common to all cosmid
clones.
Tracks marked 'X' contained a mixture of EcoRI and Hindlil
digests of Xc1ts857 DNA. The sizes of the X fragments which
hybridised to the left and right 'arm' of A3e are given in kb. The
212 and 230 1kb fragments from EcoRI and Hindill-digested X DNA,
respectively, were not resolved on these gels: 2202kb is the average
length of these two fragments.

V

II

OHI

N
CM
04

9H0
CHO

\\
c
10
C)
'1

Loco
O)r%cL)

Till

1111

I

sSI
A

gig

S

LSO

Li

X3e.

Cosmid FC1I was shown to contain approximately 6.6kb of DNA
hoinologus to that of X3s (Figure 4.4.A.). Both cosmids GF3 and
FC11 were shown to contain sequences homologous to those present in
X54 (see section 4.2; Figure 4.4.B). This result confirmed the
relationship between cosmids GF3 and FC11. It also enabled the 3'
end of cosmid GF3 to be defined. X54 includes two BaniHI
fragments, one of which is approximately 5.2kb long. This 5.2kb
fragment is present in cosmid FC11, whereas BamilI-digested DNA from
cosmid GF3 contains only a 3.3kb fragment with homology to X54.
The presence of a 3.3kb fragment in cosmid GF3 with homology to
X54 is consistent with an overlap of sequences with FC11 only if
this 3.3kb fragment represents a HindIII-BamHI fragment located at
the 3' end of cosmid GF3 (see map in Figure 4.7.). (The second BamHI
fragment of X54 is unlikely to be derived from a sequence normally
contiguous in the genome to that present in the 5.2kb fragment. This
is because X54 was isolated from a library made using
unphosphatased restriction fragments produced by BainHI-digestion of
EL4/8 din DNA; Bostock and Tyler-Smith, pers. comm.)

Hybridisation of both BainHI and Hindill-digested DNA from all
of the cosmid clones with pMBR1.3 (see Section 4.2.) showed that
cosmids BF5, DB1, GF3, H5 and 1C7 all possessed a 2.0kb BaniHi
fragment which was MIF-homologous. Each of these cosmids, as well as
cosmid FC11, contained a Hindlil fragment of about 0.9kb which
hybridised to pMBR1.3 (Figure 4.5). MIF homology to a fragment in
BamHI-digested FC11 DNA is masked because the homologous fragment is
located at the 5' end of FC11 and includes 5.5kb of pJB8 DNA. The
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FIGURE 4.4.A. Hybridisation of 3s to cosmid FC11
32

P-labelled A3s DNA was denatured and used to probe
Southern transfers of gels on which Hindill and BamHI-digested DNA
from individual cosmid clones had been run. After hybridisation,
the filters were washed in 01 x SSC at 60 0 C and then autoradiographed. The results of the hybridisation of A3s to BamHIdigested and Hindill-digested cosmid FC11 DNA are shown in tracks
2 and 3, respectively0 > indicates hybridisation to a
completely digested fragment, of the size indicated, in kb, to the
right-hand side of the figure0 t> indicates hybridisation
to a partially digested fragment.
Track 1 contains a mixture of EcoRI and Hindlil digests of
Xc1ts857 DNA. The size of the A fragments homologous to the
left and right 'arms' of X3s are indicated in kb on the left-hand
side of the figure. The 212 and 230 1kb fragments from EcoRI and
HindIll-digested A DNA respectively, were not resolved on these
gels: 2202kb is the average length of the two fragments.
FIGURE 4 0 4 0 B 0 Hybridisation of X54 to cosmids FC11 and GF3

32 P-labelled, denatured X54 DNA was used to probe filters
of gels on which BamHI-digested DNA from individual cosmid clones had
been run. After hybridisation, the filters were washed in001 x SSC at
60 ° c and then autoradiographed.Track 2 contains DNA from cosmid GF30
Track 3 contains DNA from cosmid FC11. The sizes of the fragments which
showed homology to A54 are indicated in kb on the right-hand side of
the figure.
Track 1 contains a mixture of EcoRI and Hindlil digests of
Its857 DNA. The sizes of the fragments homologous to the left
and right 'arms' of X1059 are as shown in 4 0 4 0 A 0
FIGURE 404 0 0 0 Hybridisation of A3e to genomic DNA from EL4
mouse lymphoma cell lines

32 P-labelled, denatured DNA from A3e was used to probe a
Southern transfer of a gel on which 5pg of BamHI-digested DNA from
each of 5 EL4 cell lines had been electrophoresed 0 After
hybridisation, the filter was washed in 001 x SSC at 60 0 C and
then autoradiographed0 Track 2 contains DNA from the MTX-sensitive,
parental cell line, EL4/wild0 Tracks 3, 4, 5 and 6 contain DNA from
the MTX-resistant cell lines EL4/3, E418, EL4/11 and EL4/12,
respectively.
Tracks 1 and 7 contain an incomplete Hindlil digest of Xc1ts857
DNA. The size of the completely digested fragments are given in kb
on the left-hand side of the figure. The 27 0 4kb fragment is formed
by reassociation of the 12bp single-stranded cohesive termini on the 231 and
4 0 3kb fragments.
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FIGURE 4.5. Hybridisation of pMRB1.3 to cosmid clones from the
dhfr group

32 P—labelled, denatured pMRB1.3 DNA was used to hybridise
Southern tranfers of gels on which Hindlil or BamHI—digested DNA
(shown in 45.a. and 4.5.b., respectively) from individual cosmid
clones had been run. The filters of Hindill and of BamHI digests had
previously been probed with X3e and X3s DNA, respectively and
were not washed to remove any bound X3e or X3s DNA prior to
hybridisation with pMRB1.3 DNA. After hybridisation with pMRB1.3
DNA, the filters were washed in 0.1 x SSC at 60 0 C and then
autoradiographed.
The name of the cosmid clone is given at the top of each track.
indicates hybridisation of pMRB1.3 to a restriction fragment. The
size of the restriction fragment is given in kb. > indicates
hybridisation of the plasmid sequence in pMRB1.3 to a fragment
containing pJB8 DNA sequences. Hybridisation to unlabelled fragments
is due to residual X3e hybridisation or to hybridisation of either
probe to partial digestion products. Cosmids GH3 and IF10 contain no
MIF—homologous sequences.
Tracks marked ?X? contain a mixture of EcoRI and Hindill
digests of Xc1ts857 DNA. The sizes of fragments homologous to
the left or right 'arm' of A3e or X3s are given in kb for the
left—hand gel. The 21.2 and 23.1kb fragments derived from EcoRI and
Hindlil—digested X DNA, respectively, were not resolved on these
gels: 22.2kb is the average length of these 2 fragments.
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bulk of the hybridisation signal with pMBR1.3 to this end
fragment is thus contributed by the homologous plasmid sequences.

Using the hybridisation data discussed above and also the
restriction fragment information (Appendix ILB.) on the cosmids
beyond the 3' end of the dhfr gene, it was possible to locate the
point at which the X3e-like group of cosmids (i.e. cosmids BF5,
DB1, GH3, GH3, H5, 1C7 and IF1O) diverged from the 3s - like
cosmids (i.e. cosmids GF3 and FC11) to a 0.5kb region in the wild
type genome, flanked by two BamHI restriction sites.

As discussed above, the arrangement of amplified sequences
present in cosmids GF3 and FC11 is likely to be the same as the
arrangement of sequences around the 3' end of the dhfr gene in the
EL4/wild genome. However, there is no evidence from the experiments
described above to show that the 3' end of cosmid FC11 does not
contain some rearrangement of sequences relative to that present in
the wild-type genome. Thus it is not clear whether or not, in the
unamplif led, genomic DNA of EL4 cells, the single-copy sequence
present in X3s is closer to the dhfr gene than that present in
A3e. The single-copy sequence present in x3s was shown to be
amplified to an equal degree in each of the four MTX-resistant lines,
EL4/3, EL418, EL4/11 and EL4112 (Caizzi and Bostock, 1982). The
results shown in Figure 4.4 C. demonstrate that the sequences present
in X3e are not amplified to the same extent in each of these four
cell lines. The figure also shows that rearrangements of the 3e
sequences are present in the amplified DNA from both EL4/8 and EL4/11
cells. It is not clear whether or not the 3e-homologous restriction
fragment in EL4/12 DNA is exactly the same size as that of the major
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homologous fragment in EL4/3, 8 and 11.

The level of hybridisation of X3e to each type of genomic DNA
has not been quantitated but, estimating by eye, the intensity of the
signal in the EL4/8 and EL4/11 tracks is about 50-fold greater than
that in the EL4/3 and EL4/12 tracks. An approximately equal amount
of DNA was loaded in each track. Assuming that a gradient of
amplification exists, in which the level of amplification of a given
sequence decreases with increasing distance from the dhfr gene
(there is some, limited evidence for this assumption; see discussion
in chapter 6), then it might be expected that a sequence closely
linked to the dhfr gene would be amplified to an equal extent in
different clonal lines which shared similar levels of dhfr gene
amplification. The longer the distance between the dhfr gene and a
given sequence, the lower the probability that that sequence will be
amplified during development of resistance to MTX. Thus it is
likely that in the wild-type genome, the sequences present in X3s
are nearer to the dhfr gene than those present in X3e.

4.4.3. Summary of features of EL4/8 DNA amplification in the
dhfr gene region

Maps of 10 of the 12 cosmid clones and 4 lambda clones which
contain overlapping EL418 sequences in the region of the dhfr gene
are presented in Figure 4.7. Maps of cosmids 1E2 and GH6, which are
very similar to those of cosmids JF4 and GH3, respectively, are not
illustrated. A summary of the ways in which these clones were
grouped is shown in Figure 4.6. The clones span about 82kb of DNA
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FIGURE 46. Summary of major steps in the identification and
mapping of the dhfr group of cosmid clones:
characterisation of a minimum of 3 different
amplified unit structures in EL4/8 cells

o indicates that a cosmid contains pdhfrll-homologous restriction
fragments of a size not present in digested parental, EL4/wild
DNA.
t properties of cosmids identified by comparison of Hindill
restriction map for the dhfr gene presented by Crouse et al
(1982) with Hindlil restriction fragment complement of cosmids
in question.
9 indicates a hypothetical structure or cosmid which may or may
not be present in, or derived from, EL418 DNA.
indicates a sequence organisation probably found in the parental
EL4/wild genome (see Section 4.4.3.),
indicates a sequence organisation specific to EL418 DNA,
characterised by a 6.4kb deletion within the 3' end of the dhfr
gene.
indicates a sequence organisationprobably generated during DNA
amplification in ELI8 cells, bringing the sequence cloned in
X3e close to the dl4fr gene.
indicates approximate position of cosmid clone in a given
amplified unit structure (not to scale),
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FIGURE 4.7. Restriction maps of cosmid and lambda clones containing
EL4/8 amplified DNA from the dhfr gene region
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with a wild-type sequence arrangement, typified by cosmids JF4, GF3
and FC11 and by X3s. A further length of approximately 40kb,
typified by cosmid GH3 and by X3e, defines a sequence arrangement
which was produced during EL4/8 DNA amplification.

A maximum of three structures of the amplified unit in EL4/8 DNA
is characterised by these clones (see Figure 4.6.). As discussed
above, one structure includes a wild-type arrangement of the sequences
in the dhfr gene region. A second structure is characterised by an
unrearranged dhfr gene linked to the rearranged sequences beyond the
3' end of the gene. Cosmids BF5 and H5 demonstrate that this
structure is found in EL4/8 cells. A third structure is
demonstrated by cosmid 1C7, which includes both of the sequence
rearrangements discussed in Sections 4.4.1. and 4.4.2. In addition,
a fourth hypothetical structure may be imagined, in which a
rearranged dhfr gene is linked to sequences with a wild-type
arrangement beyond the 3' end of the dhfr gene. This combination of
sequences is not present in any of the cosmids described above. The
relative proportion of each structure in the total DNA amplified in
EL4/8 cells cannot be deduced from the experiments described here. In
order to estimate these proportions, restriction fragments which span
each recombination junction and which are characteristic of only this
junction, should be identified. Each fragment should then be used to
probe genomic EL418 DNA digested with the same enzyme as that used to
isolate each junction fragment. The relative levels of hybridisation
of the various junction fragments to fragments of the same size in
the genomic DNA should give an indication of their relative
representation in the amplified DNA.
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The amplified unit variant structure characterised by cosmid BF5
appears to contain a deletion of the region of DNA present in cosmid
FC11 and in A3s. The size of this deletion cannot be estimated
from the data presented here. It might be possible by walking in
the 3' direction from the single copy sequence present in X3s, to
reach that present in X3e and thus to estimate the distance
between these two sequences. To avoid complications introduced by any
-

additional rearrangements between these two sequences during
amplification, a library constructed from EL4/wild genomic DNA should
ideally be used. However, the wild-type genomic position of the
X3e EL4/8 sequences relative to the dhfr gene is not known. The
3e sequences do not appear in the restriction maps of the dhfr gene
region presented by either Crouse et al (1982) or Federspiel et
al (1984).

3e could equally well be located 5', rather than

3 1 , to the dhfr gene or, indeed, could be derived from a different
chromosome. If either of these possibilities were the case, then the
walking experiment discussed above would not be constructive.

4.5. Construction of map spanning sequences present in A
clones 4c, 5(3)g, 5d and 6a

4.5.1. Identification of a group of related cosmids

Analysis 61-the Hindill restriction fragment complements of all
the cosmid clones selected as potentially containing EL418 amplified
DNA sequences suggested that cosmids DG9, FA7, FF6, GG4, HG6 and 1A6
might be related (Figure 4.8.A.). Further evidence of this relation-
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FIGURE 48

Similar restriction fragment complements and
hybridisation behaviour of A4c/X5(3)gf
X5d/X6a group of cosmids

Photographs of EtBr-stained 075% agarose gels on which Hindlil
or BamBI digest of the cosmids indicated at the top of each
track were electrophoresed0 > indicates the 505kb pJB8
DNA fragment generated by Hindlil digestion of each recombinant
cosmid,
Hybridisation of mixed lambda probe to restriction digests of
cosmid clone DNA samples. Hindill and BamHI-digested samples
of the cosmid DNAs indicated in the figure were electrophoresed
on 0,75% agarose gels. The DNA was transferred to nitrocellulose. The filters were prod with a mixture of DNA from
22 lambda clones which had been P-labelled. After
hybridisation, the filters were washed in 001 x SSC at 60 ° C
and then autoradiographed0 p. indicates hybridisation to the
5,5kb pJB8 DNA fragment.
In both A and B, tracks labelled '' contain a mixture of
EcoRI and Hindill-digested Xc1ts857 DNA on the gels containing
HindIlI digests of cosmids, or of EcoRI, Hindill and PvuI-digested
Xc1ts857 DNA on the gel containing BamHI digests of cosmids,
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ship came from the observed similarity in hybridisation behaviour of
both Hindill and BainHI-digested DNA of these cosmids to a probe
containing a mixture of all 22 lambda clones (Figure 4.8.B.). With
no additional knowledge about these 7 cosmids, it was difficult to
order the BainilI and Hindlil fragments which they contained. It was
clear, however, that cosmid 1A6 could not easily be fitted into the
group formed by the remaining 6 cosmids. For example, Hindlildigestion of cosmid 1A6 DNA produced a fragment of about 9.4kb which
showed strong homology to the mixed lambda probe and which was absent
in the other 6 cosmids. Cosmids DG9, FF6, GG4 and HG6 contained a
Hindill fragment of around 6.7kb which showed homology to the same
probe but which was absent in 1A6. Nonetheless, three Hindlil
fragments, of about 2.89, 1.66 and 1.38kb in length showed homology
to the mixed lambda probe in all of 1A6, DG9, GG4 and HG6 (Figure
4.8.B.).

4.5.2. Identification of lambda clones related to cosrnids
DG9-1A6

Comparison of the lengths of BamHI and HindlIl fragments which
were present in cosmids DG9-1A6 and which were homologous to the
mixed lambda probe, with the lengths of BamHI and 1-lindill fragments
produced by the individual digestion of each lambda clone, suggested
that X5(3)g, X5d and X6a contained sequences related to
those present in the 7 cosmid clones discussed above (see Appendices
I and IIB). It also seemed likely, on the basis of common HindilI
restriction fragments, that X5(3)g contained sequences related to
those in X5d.
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Digestion of DNA from X5(3)g and from X5d with BamHI
showed that each contained only a single BamHI fragment. The insert
In X5(3)g was 14.2kb long, whereas that in X5(3)2 was 13.6kb
long (Appendix I). Thus these two clones do not contain DNA which
overlaps in the EL4/wild genome, but probably contain sequences
present in two distinct variants of the amplified unit. Furthermore,
the Hindill and BamHI restriction fragments produced by digestion of
cosmid 1A6 correlate well with those of A5d, whilst the
restriction fragments of DG9, FF6, GG4 and HG6 correlate with those
of X5(3)g.

The cross-homology between x5(3)g and X5d was confirmed by
independent hybridisation of DNA from each of these clones to
colonies of the 98 cosmid clones analysed during this work. Cosmids
DG9, FA7, FF6, GG4, HG6 and 1A6 all showed homology to both X5(3)g
and X5d (data not shown). In a similar experiment, sequence
homology of cosmids DG9, FF6, GG4 and HG6 to X6a was confirmed
(data not shown). For the first time, sequence homology between
X4c and cosmid FA7 was detected (data not shown).

4.5.3. Ordering of restriction fragments to produce a map

The data described above enable some of the restriction
fragments present in the length of DNA spanned by cosmids DG9-1A6 to
be ordered. For example, cosmid FA7 contains sequences homologous to
those found in X5(3)g, but lacks the 6.7kb and 0.6kb fragments
produced after Hindlil digestion of x5(3)g. Therefore, the 6.7kb
and 0.6kb fragments must lie adjacent to one another. In addition,
the 2.89kb and 1.66kb HindlIl fragments held in common by both
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x5(3)g and cosmid FA7 must be contiguous and must also form the
penultimate and terminal fragments at one end of the EL4/8 DNA cloned
In FA7. A 2.92kb HindlIl fragment, present In digests of DNA from
each of cosmids DG91A6, showed homology to sequences present in the
mixed lambda probe. None of the lambda clones contains a Hindill
fragment of this size. This suggests that the fragment includes a
recognition site for the enzyme BamHI and that a BamHI-HindIII
restriction fragment, derived from the 2.92kb HindlIl fragment, forms
the terminal fragment of one or more of the lambda clones. The only
sequences cloned in lambda which are common to each one of cosmids
DG9-1A6 are those present in As 5(3)g and 5d. Thus the 2.9kb
Hindlil fragment must be adjacent to either the 2.89kb or the 1.66kb
fragment, both of which are found in As 5(3)g and 5d.

In a manner analagous to that described above, the order of some
restriction fragments held in common by X4c and by cosmid FA7 was
determined. Likewise, the order of some restriction fragments shared
by X6a and by cosmids DG9, FF6, GG4 and HG6 was determined.

One additional type of experiment was carried out in order to
facilitate determination of restriction fragment order within the
length of EL4/8 DNA spanned by the group of lambda and cosmid clones
in question. This was the hybridisation of DNA from a single lambda
clone to Hindill and/or BamHI-digested DNA prepared from relevant
cosmid clones. Figure 4.9.A. shows the results obtained on
hybridisation of radioactively-labelled A6a DNA to HindIII
digested DNA from cosmids DG9, FA7, FF6, GG4, HG6 and 1A6. The
results confirm that cosmid FA7 contains no sequences homologous to
those present in X6a. 1A6 also contains no A6a-homologous
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FIGURE 49 Hybridisation of individual lambda clones to
cosmid clones
a0

32 P-labelled, denatured X6a DNA was hybridised to a
Southern transfer of a gel on which Hindill-digested DNA of the
cosmid clones indicated in the figure had been run0
t* indicates the 2 3kb fragment in cosmid DG9 which shows low
homology to X6a and represents the HindIlI fragment
overlapping one 'end' of the sequences cloned in X6a0

b0

32P-labelled, denatured X4c DNA was hybridised to a
Southern transfer of a gel on which Hindlil-digested DNA of cosmid
FA7 had been run. The lengths of )4c-homologous fragments are
given in kb at the right-hand side of the figure.

In both a and b, the filters were washed in 001 x SSC at
60 0 c after hybridisation and were then autoradiographed0
indicates hybridisation to the 50 5kb pJB8 DNA fragment
generated by Hindlil digestion of each recombinant cosmid
clone 0
indicates hybridisation to a partially-digested fragment.
Tracks marked 'X' contain a mixture of EcoRI and Hindlil digests
of Xc1ts857 DNA. The sizes of fragments homologous to the left
and right 'arms' of 6a are given on the left-hand side of Figure
4.9•a. The 21.2 and 23.1kb fragments derived from EcoRI and Hindilldigested X DNA, respectively, were not resolved on these gels:
22.2kb is the average length of these 2 fragments.
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sequences. This suggests that the amplified unit variant
characterised by cosmid 1A6 and by X5d is not the result of a
small deletion in the region of DNA spanned by that present in
X5(3)g. Rather, unequal recombination between sequences within
this region and those present elsewhere in the genome must have
occurred, resulting in separation of the sequences present in X6a
from those in X5(3)g/5d by a distance of more than 14kb (the
length of DNA present In cosmid 1A6 which is not homologous to the
X5(3)g amplified unit variant).

The results shown in Figure 4.9.A. also suggest that a Hindill
fragment of 3.9kb in length spans the BaniHI recognition site which
marks one end of the sequences cloned in X6a. This fragment is
only present in digests of DNA from cosmids GG4 and HG6; cosmids DG9
and FF6 do not include the entire length of EL418 DNA which is
present in X6a. The second 'end' fragment of X6a is 2.3kb in
length. Cosmid DG9 does not possess the HindlIl 2.3kb fragment
internal to the sequences cloned in X6a. However, a very low
level of X6a hybridisation was detected to a band of 2.3kb in
length in Hindlil-digested DG9 DNA. From a Hindlil digest of X6a
DNA, the length of sequence homology between X6a DNA and this
second end fragment was predicted to be only about 250bp. These
results confirm the position of this 'end' 2.3kb fragment on the
restriction map previously constructed and illustrated in Figure
4.10. From the results obtained by the hybridisation of
radioactively-labelled X4c DNA to Hindill-digested cosmid FA7 DNA
(Figure 4.9.B.), it was deduced that a 9.4kb HindIll fragment spans
the Batn}II recognition site found at one end of the DNA cloned in
X4c.
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The restriction map constructed for the group of clones
discussed above is shown in Figure 4.10. The map covers a length of
about 75kb. From the information available, it is not possible to
tell whether or not the sequences present in A4c and cosmid FA7
are contiguous with those present in both of the amplified unit
variants characterised by X5(3)g and by X5d.

The map of cosmid 1A6 includes two rearrangements of EL4/8
sequences relative to those present in the X5(3)g-like variant.
One rearrangement falls within the 6.7kb HindIll fragment produced by
digestion of X5(3)g DNA. Whether the wild-type arrangement is
reflected by the organisation of sequences in X5(3)g or by that in
X5d cannot be determined from the experiments described above.
The larger number of cosmids isolated with a A5(3)g-like sequence
organisation, as opposed to a A5d-like sequence organisation,
suggests that X5(3)g may contain the wild type arrangement of
sequences, although this argument does not hold true for the dhfr
group of cosmids.

The second rearrangement postulated to be contained in cosmid
1A6 lies at the left-hand end of the map illustrated in Figure 4.10.
If the order of fragments from left to right is 1.38, 2.92, 2.89,
I
1.66 and 9.38kb for HindIII fragments, and 4.72 and 1,,2'.79kb for BamHI
fragments, it is not possible to match the additional Hindill and
BamHI fragments present in cosmid 1A6 without invoking a second
rearrangement of sequences relative to those present in cosmids DG9HG6. The map presented in Figure 4.10. conserves maximum homology
between the two types of variant. Nonetheless, the apparent existence
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FIGURE 4.10 Restriction maps of cosmid and lambda clones containing
EL4/8 amplified DNA spanning the sequences present in
A4c, X5(3)g, A5d and A6a,
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of this second sequence rearrangement means that with the available
data, a definitive order of restriction fragments other than those
listed above cannot be deduced for cosmid 1A6. The order of
restriction fragments could be determined by partial digestion
experiments of the type described in section 4.1.
ri
Cosmid GG4 contains an insertion of approximately 6.1kb within
the DNA sequences homologous to those present in X6a. Both 5' and
3' to this insertion, the sequence organisation present in cosmid CC4
is also found in cosmid HG6 (see Figure 4.10). Figure 4.9.A. shows
that the 2.5kb and 3.0kb HindlIl fragments derived from this
insertion are X6a-homologous. The origin of the inserted region
of DNA is unclear.

4.6. Restriction maps of an additional seven regions of EL4/8
amplified DNA

4.6.1. General

In addition to the maps presented in Figures 4.7. and 4.10.,
maps for a further seven regions of amplified DNA were derived. Each
map is named after the lambda clones(s) on whose EL418 sequences the
map is based. The construction of these seven maps is not described
in detail. The next seven sections, however, describe certain
characteristics of each map, with especial reference to variations in
sequence organisation which may reflect alternative amplified units
present in EL4/8 cells.
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In addition to the cosmids discussed in sections 4.6.2.-4.6.8.,
cosmids BD8, HF8 and KB3 were predicted to share some sequence
homology with one or more of the 22 lambda clones. However, it
proved impossible, without invoking large numbers of alternative
sequence arrangements, to fit these cosmids into any of the maps
presented in the following sections. Whether or not the EL4/8
sequences present in these three cosmids are related to any of those
in the lambda clones remains unclear.

4.6.2. The A 5k group

X5k and X51 share a 12.9kb BamHI fragment derived from
EL4/8 DNA; in addition, X5k contains a BamHI fragment of 1.66kb
in length. Cosmid BE5 contains about 11.2kb of DNA homologous to
that present in A5k, including the 1.66kb region flanked by two
BamHI recognition sites. A limited restriction map of cosmid BE5 and
As 5k and 51 is shown in Figure 4.11.A.

There is some evidence to suggest that cosmid HG6 shares some
sequence homology with X5k. This homology was initially detected
on hybridisation of A5k DNA to undigested DNA from a colony of
cosmid HC6 (data not shown). Hybridisation between X51 and cosmid
HG6 was not detected; the HG6-5k homology was therefore assumed to
lie within the 1.66kb BamilI fragment, which is absent in A51.
BamHI digestion of cosmid HG6 does not produce a 1.66kb fragment
(Appendix IIB). Therefore, if sequence homology does exist between
these two clones, either the terminal Hindill site of cosmid HG6
must fall within the 1.66kb BamHI fragment, or the sequences present
in cosmid HG6 and In A5k must be rearranged relative to each
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FIGURE 4.11 Restriction maps of cosmid and lambda clones containing
EL4/8 amplified DNA.
Map of sequences spanning the region cloned in X5k.
Map, of sequences spanning the region cloned in X3j.
Map of sequences spanning the region cloned in X5a.
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other. Hybridisation of X5k DNA to a 2.69kb HindIll fragment in
digested HG6 DNA was detected (Figure 4.12.A.). From the map shown
in Figure 4.10., it may be seen that this fragment lies at one end of
cosinid HG6 and covers a region of DNA absent in the other cosmids
from the X5(3)gI6a group. The same map would predict that a
5.5kb BamHI fragment should show homology to '5k. No
hybridisation to this fragment was detected by the mixed lambda probe
(Figure 4.8.B.).

However, the map shown in Figure 4.11.A. predicts

that cosmid HG6 contains an end fragment of approximately 400bp in
length. A fragment of this length would have been very close to the
bottom of the gel on which digested HG6 DNA was analysed. Such a
fragment could easily remain undetected, both on staining with EtBr
and on hybridisation with the mixed lambda probe.

Hindlil digestion of BE5 DNA produced a 2.7kb fragment. This
fragment could be the same as that present in HG6. If, however,
cosmids HG6 and BE5 do overlap in the manner indicated in Figure
4.11., a rearrangement of the sequences in one cosinid relative to the
other, falling within the HindlIl fragment adjacent to that of 2.7kb
in length, must be invoked to explain the difference in complement of
the remaining restriction fragments in these two cosmids.

4.6.3. The X3j group

Cosmids BGS and HH12 were found to contain sequences homologous
to those present in X3j. The restriction map derived for these
clones is shown in Pigure 4.11.B. The 6.48kb fragment derived by
BamHI digestion of HH12 DNA is placed at one end of this cosmid,
along with the 15.33kb HiridlIl fragment. Both fragments were shown
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FIGURE 4. 12. Hybridisation of individual X clones to cosmid
clone DNAs
Samples of DNA from cosmid clones were digested with Hindlil and
then electrophoresed on 0.75% agarose gels., The DNA was tnsferred
to nitrocellulose and the fil9s then probed with either Plabelled X5k DNA (4..12.a.,) or
P-labelled X3j DNA
(4.,12.,b.,). Cosmid clones are indicated at the top of each track.,
> indicates hybridisation to the 5.5kb pJB8 DNA fragment common to
each cosmid clone. The tracks marked N contain a mixture of EcoRI
and Hindill-digested Ac1ts857 DNA., The sizes of fragments
homologous to the left and right 'arms' of EMBL3 are indicated in kb.
The 21,2 and 23,1kb fragments derived from EcoRI and Hindilldigested X DNA, respectively, were not resolved on these gels:
22,2kb is the average length of these two fragments.,
The length of the x5k -homologous fragment in cosmid HG6 is
indicated at the left-hand side of Figure 4.,12.a., In Figure 4.,12.,b.,,
indicates hybridisation to X3j - homologous fragments.
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to contain MIF-homologous sequences (data not shown). As discussed
in section 4.2., MIF-homologous sequences reside predominantly in a
7.3kb and in a 5.1kb fragment in BamHl-digested EL4/8 DNA (Caizzi and
Bostock, 1982). It was, therefore, predicted that the 6.48kb MIFhomologous fragment in HH12 DNA might be derived by cleavage at a
Hindlil site within the 7.3kb length of DNA which is defined by two
BanillI recognition sites. If this were the case, then the 6.48kb
fragment would represent a terminal HindIII-Bain}iI restriction
fragment in cosmid HH12.

Cosmids JD4 and BG5 share two Hindill fragments (1.77 and
3.19kb) and one BaniHI fragment (4.25kb) of similar lengths. HindIll
digestion of x3j DNA also produced a 3. 19kb fragment. In order to
check whether or not cosmid JD4 contained A3j-homologous
sequences, a HindIlI digest of JD4 DNA was hybridised to X3j. The
results of this experiment are shown in Figure 4.12.B. The 1.77kb
fragment, but not the 3.19kb fragment, showed a low level of
hybridisation to X3j. Unexpectedly, several fragments in HindIII
digests of DNA from both of cosmids 137 and JD1O, present on the same
filter, also showed homology to X3j. The '3j-homologous fragments
in 1B7 are about 13.56, 5.23 9, 4.90 and 1.63kb long; those in 'JD1O are
7.58 1, 5.86 and 3.08kb long. However, the DNA included in each of
cosmids 1B7. JD4 and JDIO cannot be fitted into the map derived for
X3j and cosmids BG5 and HH12 without invoking several rearrangements in the sequence organisation. In addition, the complement of
HindlIl, and more particularly, of Bam}LI restriction fragments
present in 1B7, JD4 and JD10 do not appear to be closely related to
one another (Appendix IIB). The 3j-homologous sequences in these 3
cosmids may be derived from 3 separate amplified units which are all
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different to that characterised by cosmids BG5 and HH12. The nature
of the sequences common to X3j 4nd cosmids 1B7, JD4 and JD1O is
unknown and it is possible that the shared sequences are ones which
are repeated within the EL4/8 amplified DNA. If this were the case,
then the cosmids could all contain DNA derived from a single type of
amplified unit.

4.6.4. TheA 5a group

The restriction maps of A5a and of the related cosmid 1G9 are
shown in Figure 4.11.C. Only a very limited order of restriction
fragments could be derived for this pair of clones, thus illustrating
the importance, with respect to fragment ordering, of identifying
several clones from one region of DNA.

4.6.5. The X4e group

Cosmids GF1, IID1, 1A3 and 1E5 each share some sequence homology
with X4e. Restriction maps of these clones are illustrated in
Figure 4.13. The four cosmid clones define two amplified unit
variants of X4e-homologous DNA. Cosmids 1A3 and 1E5 share a
sequence organisation which is also common to that in X4e. The
5.1kb HindlIl fragment common to the latter 3 clones is absent in
cosmids GF1 and HD1. Hybridisation of the mixed lambda probe to a
Hindill fragment of 12.2kb in length (in addition to 4.2, 3.8 and
2.2kb fragments, which are also present in 1E5), was detected in both
of cosmids GF1 and HD1. Suggestive evidence for sequence homology
between this 12.2kb fragment and the 5.1kb fragment present in 1A3,
1E5 and A4e, came from the results obtained by hybridisation of
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FIGURE 4.13 Restriction maps of cosmid and lambda clones containing
EL4/8 amplified DNA spanning the sequences cloned in X4e.
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X3e to Hindill digests of DNA from all isolated cosmid clones. In
addition to the intense hybridisation of X3e to DNA from cosmids
in the dhfr group of clones, low levels of hybridisation were
detected to Hindill fragments in several cosmid clones which are not
members of this group. This low level of X3e hybridisation was
detected both to the 5.1kb fragment present in cosmids 1A3 and 1E5
and to the 12.2kb fragment present in cosmid GF1 and HD1 (Figure
4.14.A.). Such hybridisation probably derives from a short repeated
sequence common to DNA cloned both in X3e and in several of the
cosmids.

Hybridisation of X4e to undigested DNA from individual cosmid
clones showed that cosmid EB12 contained some 'X4e—homologous
sequences. It has not been possible, however, to fit the EB12
complement of Hindill and BamHI restriction fragments (see Appendix
IIB) into a map consistent with that typified by either 1E5 or HD1.

4.6.6. The X61/X6(3)d group

Cosmids JD2 and FB3 both share sequence homology with A61.
The sequences cloned in X6(3)d overlap with one end of those
cloned in cosmid FB3. FB3 was also shown to contain a 5.3kb single—
copy sequence (pdm 45-5.3), flanked by BamHI recognition sites, which
was previously shown to be amplified in the EL4/8 genome (see section
4.2.; data not shown).

JD2 and FB3 probably characterise two variants of sequence
organisation among the amplified units of EL418 DNA. Hybridisation
of X61 to Hindill digests of JD2 and of FB3 showed that the
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FIGURE 4.14. Hybridisation of X3e and X61 to digested
cosmid clones DNAs

DNA samples of cosmid clones were digested with Hindlil and
electrophoresed on 0.75% agarose gels. The DNA was transfred from
the gels to nitrocellulose. 3e filters were probed with P
labelled X3e DNA (14014a) or P-labelled X61 DNA
(4.14.b.),. After hybridisation, the filters were washed in 001 x SSC
at 60° C and then autoradiographed.
40140a. Tracks 2, 3 2, 4 and 5 contain DNA cosmid clones GF1,
HD1, 1A3 and 1E5, respectively.
> indicates hybridisation of
X3e to fragments of the size indicated in kb at the right-hand
side of the figure.
4.14.b. Tracks 2 and 4 contain DNA from cosmid clones FB3 and
JD2, respectively.
indicates hybridisation of X61 to Hindili
fragments which overlap with the ends of the EL4/8 DNA cloned In

In both a and b, t. indicates hybridisation to the 5.5kb pJB8
DNA fragment, common to each cosmid clone. Track 1 In 40140a. and
tracks 1 and 3 in 4,14.b., contain a mixture of EcoRI and Hindill
digests of XcIts857 DNA. The lengths of the fragments
homologous to the left and right 'arms' of EMBL3 are given in kb at
the left-hand side of 40140a. The 21.2 and 23. 1kb fragments derived
from EcoRI and Hindill-digested X DNA were not resolved on these
gels: 22.2kb is the average length of these two fragments.
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fragments which span the end point of sequences cloned in x61 are
different in each of these two cosmids (Figure 4.14.B.). In FB3, the
lengths of these 'end' fragments are about 12.4 and 6.5kb. In JD2,
only one 'end' fragment was detected, of 8.9kb in length. (Data
obtained prior to this result also suggested that the sequences
cloned in cosmid JD2 terminated within the region spanned by X61.)

From the information available, the orientation and position of
many of the restriction fragments present in cosmid FB3 relative to
those held in common with both JD2 and X61 cannot be determined.
The region of DNA in FB3 common to that present in X61 may be
defined, as may the end of the cosmid clone whose sequences are
homologous to some of those present in X6(3)d. A limited map of
the regions of DNA spanned by cosmids FB3 and JD2 and by X61 and
A6(3)d is given in Figure 4.15.A.

4.6.7. The A6(4)m/X6(3)o group

Cosmids AA2 and H60 were isolated independently, but were
subsequently shown to contain identical EL4/8 sequences. The entire
length of DNA present in X6(4)m is included in cosmids AA2 and
H60, whereas that in X6(3)o is only partly represented in these
cosmids. The restriction map derived for cosmids AA2 and H60 and the
two lambda clones is shown in Figure 4.15.B.

4.6.8. The X5f group

Two alternative sets of maps of clones in the x5f group are
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FIGURE 4.15 Restriction maps of cosmid and lambda clones containing
EL4/8 amplified DNA,
Map of sequences spanning the region cloned in A61 and X6(3)d,
Map of sequences spanning the region cloned in X6(4)m and A6(3)o.
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shown in Figures 4.16.A. and 4.16.B. Both arrangements of the
cosmids GB2, 1D4 and 1D6 invoke a minimum of one sequence
rearrangement or of two amplified unit variants. These variants are
typified on the one hand by cosmid 1D4 and on the other hand by
cosmids GB2 and 1D6.

The arrangements illustrated in Figure 4.16.A. are more likely
to reflect the organisation found in EL4/8 cells. The reason for
this is that BamHI-digested DNA from GB2 contains a 3.0kb fragment
which is homologous to the mixed lambda probe and which is likely to
be the same as that present in X5f. The arrangement of GB2
sequences shown in Figure 4.16.B. would require that the 3.0kb
fragment in GB2 was not homlogous to that in A5f. It is possible
that the GB2 3.0kb fragment contains sequences which are repeated in
several of the lambda clones and was detected by the mixed lambda
probe for this reason, rather than because it contains sequence
homology specific to X5f.

4.7. Summary of results presented in Chapter 4

The total length of DNA covered by the maps presented in this
chapter is about 600kb. The maximum length of DNA included in these
maps which could be present in one variant of an EL4/8 amplified unit
is just under 500kb. This value was estimated by summing the longest
contiguous stretch of DNA covered in each of the 9 groups of clones
discussed above. In addition, 5 lambda clones were isolated which
contain EL4/8-amplified sequences, but to which no homologous cosmids
were identified. These lambda clones include, in total, an
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FIGURE 4.16 Restriction maps of cosmid and lambda clones containing
EL418 amplified DNA spanning the sequences cloned in XSf.
A and B show two alternative arrangements of the cosmids GB2, 1D4
and 1D6.
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additional 72kb of amplified DNA. One entire amplified unit has thus
not been isolated in the work presented here. The representation of
EL4/8 amplified DNA in the cosmid clones isolated is further
analysed and discussed in Chapter 5.

In part (vi) of Section 4.2. it was mentioned that BamHI-digests
of all cosmid clones were probed with 5 lambda clones (46, 54, 57, 63
and 77) and one subclone from X45 (pdm 45-5.3). The isolated
cosmids were shown to contain EL4/8 sequences homologous to those in
only pdm 45-5.3 (in cosmid FB3) and in X54 (in cosmids FC11 and
GF3). It had been assumed, although not shown, that since all of
these lambda clones were isolated from a library made with BamHIdigested EL4/8 DNA from a fraction highly enriched for dm (see Caizzi
and Bostock, 1982), they would contain sequences which were amplified
In EL418 DNA. It was also assumed that the amplified sequences in
the EL4/8 line containing dm, which was used by Caizzi and Bostock
(1982), were Identical to those present in the EL418 line containing
HSR, which was used in this work. (See section 1.4.3. for a
discussion of the evidence suggesting that the amplified DNA in each
cell line is the same.) After the observation that 4 of the cloned
sequences (in X clones 46, 57, 63 and 77) were not represented in
the isolated cosmid clones, each one was used to probe a panel of
BamHI-digested EL4/wild and EL4/8 DNA, to check whether or not the
cloned sequences were amplified. The results showed that only X63
contained EL4/8 amplified sequences (data not shown). Thus the EL418
dm fraction prepared by Caizzi and Bostock (1982) must have included
non-amplified sequences, some of which were cloned in Xs 46, 57
and 77.
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The maps presented above show that recombination events during
DNA amplification, which lead to alternative arrangements of the
sequences present in related groups of clones, are a common
occurrence. Such events have occurred in a minimum of 5 of the 9
regions of amplified DNA which were analysed. That the alternative
sequence arrangements identified reflect those occurring in vivo
and are not an artefact introduced during cloning and propagation of
the clones, is clear for at least some of the cases discussed above.
For example, the organisation of sequences located beyond the 3' end
of the dhfr gene and characterised by cosmid BF5 is extremely
unlikely to be artef actual, since 6 additional cosmids also possess
this sequence arrangement. Likewise, the sequences present in X5d
almost certainly do derive from a different amplified unit from
those present in X5(3)g, since the X5d-type organisation is
also present in cosmid 1A6. However, there is no evidence available
from the data presented above to indicate whether or not the
alternative sequence organisations in, for example, cosmids 1D4 and
1D6 reflect those found in vivo. In a manner analagous to that
discussed in section 4.4.3., this point could be elucidated by
isolating restriction fragments spanning a given recombination
junction and testing for the presence of a fragment of the relevant
size in a suitable digest of EL4/8 DNA.

The data presented in this chapter are discussed further in
Chapter 6, with reference to the results found by other groups
working on DNA amplification.
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CHAPTER 5
REPRESENTATION OF

EL418

AMPLIFIED DNA

IN COSMID CLONES
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5.1. Similar EtBr banding patterns in digests of total EL4/8
genomic DNA and mixed cosmid clone DNA

Gel electrophoresis of digested EL4/8 DNA, followed by staining
of the gel with EtBr, reveals a series of bands which is visible
above the smear of DNA normally produced by digestion of genomic DNA
(Bostock and Tyler-Smith, 1981). Such bands are absent in similarly
prepared digests of EL4/wild DNA and thus must be derived from the
amplified DNA which is present in EL4/8 cells. It was suggested by
Bostock and Tyler-Smith (1981) that the complement of bands visible
on such gels reflected that of one amplified unit in EL4/8 cells.

The above characteristic of the amplified DNA present in EL4/8
cells offers a means whereby a given complement of cloned EL418 DNA
sequences may be directly compared with the full complement of
highly amplified sequences which is present in vivo. Figures 5.1.
and 5.2. both show photographs of EtBr-stained agarose gels on which
a mixture of Hindlil digests of DNA from the 99 cosmid clones
analysed during this work was run adjacent to Hindill-digested EL4/8
DNA. A Hindlil digest of EL4/wild DNA was also run on each gel to
enable any bands common to both EL4/wild and EL418 DNA to be
identified. Bands common to both cell types would not be derived from
amplified DNA but, rather, from tandemly repeated sequences present
in the genome at a high copy number.

Each of the gels shown in Figures 5.1. and 5.2. was scanned
using a digital microdensitometer. Numbers were allocated to peaks
which probably derived from specific restriction fragments in both
the EL4/8 genomic DNA and the recombinant cosmid DNA. The banding
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FIGURE 5. 1. Analysis of the corn ilement of Hindlil fragmen
cosmid clone DN
8 DNA
DNA samples were digested with Hindill and then electrophoresed
on a 20cm long, 075% agarose gel. The gel was stained with EtBr,
illuminated with UV and then photographed. Tracks 1 and 6 contain a
mixture of EcoRI, Hindill and PvuI digest of Xc1ts857 DNA.
Track 2 contains 3g of Hindlil-digested EL4/wild DNA; tracks 3 and
5 contain 3 and 5Pg, respectively, of Hindill-digested EL4/8 DNA;
track 4 contains a mixture of DNAs from 99 cosmid clones, digested
with HindIII 0
indicates the 5 5kb fragment of pJB8 DNA, common to each cosmid
clone present in track 4
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FIGURE 5. 2.

lvsis of the omplement of Hindill fr
ci
DNA and in EL4/8 DNA.
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DNA samples were digested with Hindili and then electrophoresed
on a 40cm long, 0.757 agarose gel. The gel was stained with EtBr,
illuminated with UV and then photographed.

Tracks 3 and 5 contain 31jg of EL4/8 DNA. SO-lOOng of linearised
pJB8 DNA was also loaded on track 3. Track 4 contains a mixture of
DNA from 99 cosrnid clones., Track 6 contains 3ug of EL4/wild DNA.
Tracks 1, 2, 7 and 8 each contain a mixture of EcoRI, Hindlil and
PuvI digests of c1ts857 DNA. Tracks 1 and 8 contain, in
addition, KpnI-digested Xc1ts857 DNA.
indicates the 5.5kb pJB8 band present in tracks 3 and 4.

12345678

patterns in each of these two types of DNA digests were complex,
because of the total number of bands and their non-equimolar
quantities.. This meant that it was frequently difficult to
distinguish between a real but small peak, derived from a genuine
restriction fragment present at a relatively low concentration and
an apparent peak caused by a small variation in the background smear
of DNA or simply by 'noise'. For this reason, the data obtained from
two gels were analysed in detail - the results from one gel
confirming those from the second gel. In order to improve the
resolution of restriction fragments which is achieved by using a gel
of 20cm in length (Figure 5.1.), one gel of 40cm in length was run
(Figure 5.2.).

Tracings of the optical density profiles of the tracks
containing EL4/wild DNA, EL4/8 DNA and recombinant cosmid DNA from
each gel are shown In Figures 5.3. and 5.4. Lines which join peaks
derived from restriction fragments with similar or identical
mobilities in the EL4/8 DNA and cosmid DNAs have been drawn in on
each set of profiles. Peaks present in the EL4/8 DNA profile which
are absent from the cosmid DNA profile and vice versa are
indicated. Comparison of the 2 sets of profiles shows that the
corresponding profiles from each gel are very similar, which
facilitates the identification of peaks derived from genuine
restriction fragments.

The lengths of all restriction fragments shared by EL4/8 DNA and
by the cosmid DNA, calculated from their respective mobilities, are
shown in Table 5.1., along with the standard deviation (where
applicable) in each set of available length estimates. In some
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FIGURE 503. Optical density profiles of Hindill digests
of EL4/wild DNA, EL4/8 DNA and a mixture of
cosmid clone DNAs, run on an agarose gel
Hindill digests of EL4/wild genomic DNA, EL4/8 genomic DNA and
of a mixture of 99 cosmid clones containing EL4/8 DNA were run on a
0.75% agarose gel. The gel was stained with EtBr and photographed
(see Figure 501.). The photograph was scanned using a digital
microdensjtometer,
a represents the optical density profile of Hindill-digested
EL4/8 DNA.
b represents the optical density profile of Hindlil-digested
EL4/wild DNA,
c represents the optical density profile of a mixture of
Hindill digests of 99 cosmid clones.
* indicates a peak present in uncloned EL4/8 DNA, but absent
from cosmid and EL4/wild DNA.
indicates a peak present in cosmid clone DNA but absent in
'V EL4/8 and EL4/wild genomic DNA.
y indicates a peak present in both EL4/8 and EL4/wild genomic
DNA, but absent in cosmid clone DNA.
indicates the peak contributed by the 5.5kb pJB8 DNA
fragment, present in the cosmid clone DNA.
Vertical lines run through peaks which have the same mobility
in both EL4/8 genomic DNA and cosmid clone DNA. These common
peaks are numbered (starting with that of the smallest
mobility) at the top of the figure.

opt
den

FIGURE 5,4, Optical density profiles of Hindlil digests
of EL4/wild DNA, EL4/8 DNA and a mixture of
cosmid clone DNAs, run on an agarose g el
Hindill digests of EL4/wild genomic DNA, EL4/8 genomic DNA and
of a mixture of 99 cosmid clones containing EL4/8 DNA were run on a
0,75% agarose gel. The gel was stained with EtBr and photographed
(see Figure 5,2,), The photograph was scanned using a digital
microdensjtometer,
a represents the optical density profile of Hindill—digested
EL4/8 DNA,
b represents the optical density profile of Hindill—digested
EL4/wild DNA,
c represents the optical density profile of a mixture of
HindlIl digests of 99cosmid clones.
* indicates a peak present in uncloned EL4/8 DNA, but absent
from cosmid and EL4/wild DNA.
indicates a peak present in cosmid clone DNA but absent in
' EL4/8 and 1L4/wild genomic DNA.
V indicates a peak present in both EL4/8 and n4/wild genomic
DNA, but absent in cosmid clone DNA.
indicates the peak contributed by the 5.5kb,pJB8 DNA
fragment, present in the cosmid clone DNA and added into the
EL4/8 genomic DNA.
V indicates a peak contributed by 'noise'.
Vertical lines run through peaks which have the same mobility
in both EL4/8 genomic DNA and cosmid clone DNA. These common
peaks are numbered (starting with that of the smallest
mobility) at the top of the figure.
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TABLE 5.1. Comparison of lengths of Hindlil restriction
fragments visible on EtBr-stained gels common
to cloned EL4/8 DNA and to EL4/8 amplified DNA
present In vivo
Notes

Ci)

The terms '20cm gel' and '40cm gel' refer to the gels
illustated in Figures 5.1. and 5.2.
Restriction fragment lengths quoted in columns
headed 'cloned' and 'in vivo' were present in
the mixture of Hindlil-digested cosmid DNA samples
and in the Hindlil-digested EL4/8 genomic DNA,
respectively, on the above-mentioned gels.
- denotes that a restriction fragment of a given
length was not resolved in the given source of
DNA.
* denotes that common restriction fragments
between different DNA sources were resolved, but
that the fragment length was not estimated for the
given source of DNA.

Restriction fragment length (bp)
40cm gel
20cm gel
in vivo
in vivo cloned
cloned
18229
15280
12599
10674
10304
9197
8957
8403
7276
7109
6801
5840
*
*
*
*
*
*
*
*
*
*
*
*

18309
15191
12502
10709
10334
9178
*
8305
7274
*
6754
5813
5075
*
4641
*
4211
*
*
3437
3183
2996
2527
2446

18355
15362
12685
10705
10343
9654
9230
9004
8440
7317
7129
6829
5893
5108
4922
*
4508
4208
3988
3641
3451
3197
3011
2179
2574
2447

18320
15252
12559
10801
10411
9678
9186
9002
8415
7337
7147
6791
5811
5104
*
4659
*
4233
4013
*
3437
3211
3006
2733
2564
2465

Mean
length
(bp)

S.D.
(bp)

S.D.
(%)

18303.25
15271.25
12586.25
10722.25
10348.0
9666.0
9197.75
8987.66
8390.75
7301.0
7128.33
6793.75
5839.25
5095.66
4922.0
4650.0
4508.0
4217.33
4000.50
3641.0
3441.66
3197.0
3004.33
2726.0
2555.0
2452.66

53.24
70.99
76.93
54.78
45.19
19.97
22.87
26.58
59.21
31.12
19.01
30.99
38.19
18.01
N/A
12.73
N/A
13.65
17.68
N/A
8.08
14.0
7.64
9.89
24.75
10.69

0.29
0.46
0.61
0.52
0.44
0.18
0.25
0.29
0.71
0.43
0.27
0.46
0.65
0.35
N/A
0.27
N/A
0.32
0.44
N/A
0.23
0.44
0.25
0.36
0.97
0.44

cases, a peak was not labelled during editing of the optical density
profiles, but was seen to be present on further analysis of the
profiles. In such cases, the length of the restriction fragment from
which the peak arises is taken to be the same as that estimated for a
peak of the same mobility, but which was identified in a different
profile.

The percentage standard deviation in each set of length
estimates for fragments common to both cloned and uncloned EL418 DNA
is well within the range of such values calculated from sets of
length estimates for identical restriction fragments, produced by
digestion of DNA from individual cosmid clones. The restriction
fragments which have lengths of approximately 18.30 and 12.58kb,
which were identified in the duplicate gels discussed above, are
known to be derived from regions of DNA located beyond and within the
3' end of the dhfr gene, respectively (see Figure 4.7.). The 18.30kb
fragment is present in the DNA cloned in cosmids DB1, GH3, GH6 and
IF10. The 12.58kb fragment is present in the DNA cloned in cosmids
BF5, GF3, H5 and JF4. During the course of the work presented in
this thesis, two independent estimates of the lengths of each of the
18.30 and 12.58kb HindlIl fragments were made for each of the 8
cosmids listed above. The first series of estimates was made using
three different 0.75% agarose gels and a limited set of lambda
standard restriction fragments with lengths similar in size to the
above-mentioned cloned fragments. The second series of estimates was
made using two different 0.5% agarose gels and a large set of lambda
standards. Each series of length estimates, the mean value of these
estimates and the standard deviation within a series are all given in
Table 5.2., along with those obtained for the 18.30 and 12.58kb
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TABLE 5.2. Analysis of variation in different sets of
restriction fragment length estimates

1

Length
estimate
(bp)

Source of
restriction
fragment

Set*

53.24

0.29

Cosmid DB1
GH3
GH6
IF1O

19162
18976
17921
17948

18501.75

659.48

3.56

Cosmid DB1
GH3
GH6
of
IF10

18153
18180
18278
18128

18184.75

65.69

0.36

12502
12559
12599
12685

12586.25

76.93

0.61

Cosmid BF5
GF3
H5
JF4

12980
13173
12587
13417

13153.0

463.89

3.52

Cosmid BF5
GF3
of
H5
JF4

12490
12464
12540
12600

12523.5

of

It

to

if

if

to

if

it

4

Genomic EL4/8 DNA
II

It

U

Mixture of cosmid DNAs
It

5

of

it

6

S.D.
(%)

18303.25

it

U

Mixture of cosmid DNAs

3

S.D.
(bp)

18309
18320
18229
18355

Genomic EL4/8 DNA
II

2

Mean
length
for set (bp)

it

it

U

It

59.96

0.48

* The gels on which restrition fragment analyses were performed
were as follows:
Sets 1 and 4: the pair of 0.75% agarose gels illustrated
in Figures 5.1. and 5.2.
Sets 2 and 5: three 0.75% agarose gels, on which EcoRI
and Hindill digests of XDNA were run as standard.
Sets 3 and 6: two 0.5% agarose gels, on which EcoRI,
Hindlil, KpnI and PvuI digests of XDNA were run as
standards.

fragments identified in the gels illustrated in Figures 5.1. and
5.2. The comparison presented in Table 5.2. shows that the estimated
sizes in genomic DNA are within the ranges for the individual
cosmids. This suggests that the common peaks identified in Hindlildigested DNA from EL4/8 cells and in Hindill-digested DNA from the
mixture of cosmid clones (Figures 5.3. and 5.4.) do represent the
same restriction fragments, with the same sequence, present in each
of these 2 types of DNA. A minimum of 46 peaks can be identified in
the optical density profile of Hindill-digested EL4/8 DNA shown in
Figure 5.3. (It is difficult to estimate the true number of peaks, as
many peaks are broad and are probably derived from two or more,
unresolved restriction fragments.) Using the data shown in Figures
5.3. and 5.4., 26 peaks were identified which are common to EL4/8
genomic DNA and to the EL4/8 DNA present in the mixture of cosmid
clones. Using this criterion, approximately half of the DNA present
in the predominant amplified units in EL4/8 cells is also present in
the cosmid clones which were isolated and analysed in the work
described here. This value agrees fairly well with that obtained by
calculating the fraction of one amplified unit which is spanned by
the mapped amplified DNA which was illustrated in Chapter 4 (500 600kb of DNA were mapped; the length of one 'average' amplified unit
is estimated to be 1000kb - see Tyler-Smith and Bostock, 1981).

The lengths of Hindill restriction fragments found to be common
to total and cosmid-cloned EL4/8 DNA, as described above, were
compared with those obtained from scanning EtBr-stained Hindlil
digests of DNA from individual cosmids clones. With the exception of
the 10.71 and 10.34kb fragments, all of the fragments held in common
could be accounted for by DNA cloned in those cosmids which had been

previously shown to contain EL4/8 amplified DNA, related to that
present in one or more of the 22 lambda clones (see Chapter 4).
Cosmids GA10 and KB4 each contain a 10.3kb HindlIl fragment. These
two cosmids may, therefore, contain DNA sequences which are amplified
in EL4/8 cells, but, of course, the similarity in length of these
fragments may simply be coincidental.

The mixture of cosmid DNAs was made by amalgamating samples of
the Hindlil digests which had been previously run individually on
gels. On close inspection of these gels, it was evident that the
majority of the digests of the individual cosmid DNA samples all
contained a small quantity of a fragment with a length of about
10. 7kb. This band must be contributed by some form of contaminant probably a plasmid - present either in one of the buffers in which
each cosmid DNA was solvated or digested, or in the stock of
enzyme. The similarity between the length of this fragment and that
derived from the amplified DNA in EL418 cells is thus coincidental.

5.2. Significance of EtBr bands visible in digested EL4/8 genomic
DNA but absent from cosmid clones

Under one half of the amplified DNA-derived restriction
fragments visible in the uncloned EL4/8 DNA after staining with EtBr
are not visible in the mixture of digested cosmid clone DNAs. As may
be seen from the photograph shown in Figure 5.1., it is particularly
striking that Hindill-digested EL4/8 genomic DNA contains many
copies of sequences present in fragments of less than about 2.0kb in
length. In contrast, very few copies, if any, of these bands are
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visible in the track containing EL4/8 DNA cloned in cosmids. It
seemed possible that some of the small fragments visible in the
genomic DNA might be derived from degraded DNA. Degradation of DNA
isolated from MTX-resistant EL4/8 cell lines has been shown to result
in a specific banding pattern (Tyler-Smith, 1980).

Such patterns may

be formed because of the existence of specific sites in the DNA which
are particularly sensitive to nucleases. In order to test whether or
not such specific degradation accounted for any of the bands visible
in the Hindlil-digested EL4/8 genomic DNA, a sample of this DNA was
run on a gel along with samples of BamHI-digested and of sheared,
undigested EL418 genomic DNA. A photograph of this gel is shown in
Figure 5.5. The results suggest that the smallest 4 or 5 bands common
to all 3 EL4/8 DNA samples represent a ladder of nucleosomes formed
by DNA degradation. All of the larger bands visible in the Hindilldigested EL4/8 DNA, however, are unique to this DNA sample and are
thus probably specific restriction fragments, derived from the
amplified DNA.

A graphical representation of the size distribution of all of
the Hindill fragments present in the 98 cosmid clones is shown in
Figure 5.6. From this graph it may'be seen, firstly, that the DNA
cloned in the cosmids does contain numerous fragments which are
shorter than 2.0kb in length. Secondly, as would be predicted for
the restriction enzyme Hindlil, the average size of fragments is
between 2 and 3kb. Fragments of 2-3kb are thus present in the cosmid
at higher molar quantities than are any larger fragments. Nonethe
less, the molar ratio of these small fragments to the large ones is
evidently very much lower in the EL4/8 DNA cloned in the cosmids than
it is in the amplified DNA in the EL4/8 genome. One explanation for
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FIGURE 5.5 Analysis of fragments produced by potential
d e gradation of EL4/8 DNA
Samples of EL4/8 DNA, treated as described below, were
electrophoresed on a 075Z agarose gel along with A markers. The
gel was stained with EtBr, illuminated with UV and then photographed.
Tracks 1 and 5 contain a mixture of Hindill and PvuI-digested
Ac1ts857 DNA. The lengths of the fragments are given in kb at
the right-hand side. Track 2 contains 5lJg of Bam}II-digested EL4/8
DNA. Track 3 contains 51Jg of HindIlI-digested EL4/8 DNA. Track 4
contains about 81.lg of undigested EL4/8 DNA, which was sheared by
passing several times through a 25G needle. Nucleosomal fragments
produced by degradation of each DNA sample are indicated by a closed
arrow head
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FIGURE 5.6. Histogram of number of Hindill fragments of a given
length present in cosmid clones
HindlIl digests of DNA from 99 cosmid clones were run on 6
different 0.75% agarose gels. The gels were stained with EtBr and
photographed. Each photograph was scanned using a digital microdensitometer and an estimate of the length of every restriction
fragment obtained (see Section 2.11. for further details). From this
information, the number of restriction fragments falling within every
lOObp interval, over a range of 0-25000bp, was plotted.

V indicates bar derived largely from the 5500bp pJB8 DNA fragment
common to every cosmid clone.

it'
number
of
fragments

fragment
length (bp)

this under-representation of small Hindill fragments in the cosmid
clones which have been analysed is that extensive clusters of Hindlil
fragments, separated by distances of 2kb or less, may be present in
the amplified DNA of EL4/8 cells. Partial digestion with Hindill
(used for the preparation of the cosmid library) of DNA with such a
distribution of sites would generate many small fragments. Since
partial digestion products were phosphatased before cloning, any
small fragments which became ligated to the vector DNA would be too
small to be packaged. Such sequences would therefore not be
represented in the pJB8 library used during this work. Amplified
sequences not cloned with Hindill might be cloned by using a
different restriction enzyme.

In addition to the under-representation of small Hindill
fragments in the cloned EL4/8 DNA, several larger bands are not
visible in the cloned DNA which clearly are present in total EL4/8
amplified DNA. Such fragments may have been present in the cloned
DNA, but were not detected because they were present at an
insufficiently high copy number or/and because their length was such
that they were not clearly resolved from a neighbouring restriction
fragment. For example, a band with an estimated length of 12.2kb is
present in the uncloned EL4/8 genomic DNA (the second largest band
marked with an asterisk in Figures 5.3. and 5.4.). Cosmids GF1 and
HDI both contain a 12.2kb HindIll fragment. Both clones also
unambiguously contain DNA which is amplified in EL4/8 cells. It is
possible that the two 12.2kb HindlIl fragments from cosmids GF1 and
HD1 contribute to the shoulder of the peak derived from the 12.58kb
fragment visible in both the cloned and the uncloned EL4/8 genomic
DNA tracks. The distance of this shoulder from the gel origin is
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very similar to that of the peak derived from the 12.2kb fragment in
the Hindlil-digested uncloned EL4/8 genomic DNA. Nonetheless, other
fragments present in the uncloned EL418 amplified DNA are clearly
absent from the cloned EL4/8 DNA. An example of such a fragment is
that which gives rise to the 13th largest fragment marked with an
asterisk in Figure 5.4., having a mobility of approximately 1260
units. At this mobility, the optical density profile of the cloned
DNA is in a trough.

5.3. Significance of EtBr bands visible in digested recombinant
cosmid clones but absent from EL4/8 genomic DNA

In the optical density profile of the Hindill-digested cosmid
clone DNAs shown in Figure 5.4., at least 17 peaks (marked with an
arrow) can be identified which are absent from the uncloned EL418
genomic DNA profile. There are several possible explanations of
where the restriction fragments, which give rise to these peaks, may
have originated. One trivial explanation is that they are derived
from partial digestion products. As may be seen from Figure
the Hindill digests of DNA from cosmids DRi, GH3 and GH6 are
incomplete. These digests, samples of which were used for making the
mixture of DNA from the 99 cosmid clones, each contain a partial
digestion product whose length was estimated, on three separate
occasions, to be 21231bp; 20323bp and 19808bp. The mean of these
values is 20454bp; thstandard deviation is 720.03bp or 3.5%. From
the gels shown in Figures 5.1. and 5.2., the length of the longest
restriction fragment visible in the mixture of Hindill-digested
cosmid clone DNA samples was estimated to be 20562bp and 20810bp,
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respectively. Thus it is likely that these fragments, which are
absent in the digested uncloned EL4/8 genomic DNA, are derived from
the partial digestion of cosmids DB1, GH3 and GH6.

Other fragments which are present in the cloned DNA, but which
are not visible in the EtBr banding pattern of digested uncloned

EL418 genomic DNA, could still be derived from DNA which is amplified
in EL4/8 cells. One explanation of the non-equlmolar representation
of the bands visible in EtBr-stained digest of EL4/8 DNA is that not
all sequences are amplified to the same degree. Such non-equimolar
amplification of sequences has been reported in different systems
(see, for example, Ardeshir et al, 1983). If this were the case,
it is probable that some amplified sequences in EL4/8 cells would not
be present in sufficiently high copy-number to be visible as a band
in an EtBr-stained digest of genomic DNA. Amplified sequences present
at a relatively low copy number in EL4/8 cells could, nonetheless, be
present in several of the 99 cosmid clones.

It is difficult to compare the precise complement of Hindlil
fragments which are smaller than about 6.0kb in total EL4/8 DNA with
that present in the cosmid clones. However, of the fragments greater
than 6.0kb, almost all of those which are derived from the cosmid
clones related to one, or more, of the 22 lambda clones (see Chapter
4) were visible in total EL4/8 DNA. This suggests that each of these
cosmids contains DNA sequences which are amplified at a relatively
high level in EL4/8 cells. Cosmids FA7 and 1A6, however, each
contain one Hindlil fragment of about 9.3kb. (This fragment is not
the same - with respect to sequence - in each cosmid.) A fragment of
this size does give rise to a peak (having a mobility of about 700)
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in the mixture of cosmid DNAs run on the gel shown in Figure 5.2.
(This peak was not resolved on the 20cm gel - see Figure 5.3.) Such a
peak is not visible in total Hindill-digested EL4/8 DNA. This
suggests that the amplified DNA structures characterised by these
two cosmids are present at a relatively low frequency in the total
EL4/8 amplified DNA.

It is interesting that two variant structures were identified
and mapped in the region of the DNA cloned in cosmids FA7 and Lk6
(see Chapter 4, Section 4.5.). One of these structures was
characterised by cosmid 1A6 and X5d (both of which include a 9.3kb
Hindill fragment), the other by cosmid HG6 and X5(3)g (both of
which include a 6.8kb HindlIl fragment). A fragment of about 6.8kb,
almost certainly derived from the X5(3)g-homologous cosmids DG9,
FF6, GG4 and HG6, is present in total Hindlil-digested EL4/8 DNA (see
Table 5.1.). Thus the variant structure characterised by cosmid HG6
and X5(3)g is probably more highly represented in the EL4/8
amplified DNA than that characterised by cosmid LA6 and X5d.

As discussed in Chapter 3, the sequences cloned in about 58 of
the 99 cosmid clones could not be fitted into a map of amplified DNA.
These 58 cosmids could not unequivocally be shown to contain EL4/8
amplified sequences. If several of these 'undefined' cosmids contain
Hindill restriction fragments of the same or similar size, then such
fragments would be visible as a band in the mixture of Hindlil
digests of cosmid DNAs, but would not show up as an amplified band in
total EL4/8 DNA.
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5.4. Summary

The experiment described in this chapter was designed to enable
the EL4/8 DNA sequences present in the 99 isolated cosmid clones to
be directly compared with the EL4/8 amplified DNA present in vivo.
The method of comparison used was of limited sensitivity, since
restriction fragments with very similar mobilities cannot be resolved
into distinct bands on one agarose gel. One attempt to improve
restriction fragment resolution was made by running an agarose gel
which was 40cm long. In general, more peaks were resolved on this
gel than on the 20cm gel which was also run (compare optical density
profiles shown in Figures 5.3. and 5.4.).

Despite the limited sensitivity of this experiment, it was
possible to show, with a reasonable degree of confidence (see Tables
5.1. and 5.2.) that about one half of the amplified sequences
present in EL4/8 cells, which give rise to visible fragments in EtBrstained digests of genomic DNA, were cloned in the cosmids which were
analysed. It is likely that most of these sequences were derived
from the cosmid clones which were shown to contain sequences related
to those present in the 22 lambda clones and which could be fitted
into a map of amplified DNA (see Chapter 4). The results from the
experiment described above also suggest, however, that some of the
cloned EL4/8 sequences are not amplified in EL4/8 cells. If this were
true, then it would explain why 58 of the 99 cosmid clones which were
analysed contain no single-copy sequences which are related to those
present in the 22 lambda clones.
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CHAPTER 6

DISCUSSION
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6.1. General

Three aspects of the work presented in this thesis are discussed
in the following Sections. Section 6.2. includes a discussion of the
consistency of the data on restriction fragment lengths obtained by
scanning gel photographs with the digital microdensitometer described
in Section 2.11. The application of computer analysis to mapping,
using restriction fragment data obtained from the minrodensitometer,
is briefly discussed. The partial nature of the map of EL4/8
amplified DNA is briefly summarised and discussed in Section 6.3.
The restriction map for EL4/8 cells of the region spanning the dhfr
gene is compared with that found in other mouse cell lines. In
Section 6.4., the implications of the information obtained about the
structure of EL418 amplified DNA on the mechanisms of DNA
amplification are considered. Some ways in which the mechanism of
amplification might be further elucidated are discussed.

6.2. Restriction fragment length estimates

6.2.1. Advantages of a digital microdensitometer over an
analogue microdensitometer

Prior to the construction and completion of the digital microdensitometer, which was used for making all of the restriction
fragment length estimates listed in Appendices I and IIB, a Joyce
Loebl analogue microdensitometer was used to measure the mobilities
of restriction fragments from several of the clones isolated from the
ENBL3 library. A 2:1 enlargement of the recorded optical density
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tracing to the specimen photograph was used. The record was made on
graph paper. The mobility of each fragment was calculated from
measurements of the distance between the origin of each gel track and
the maximum optical density of the relevant peak. Length estimates
were calculated, as for the digital microdensitometer, by using the
reciprocal relationship between mobility and length (Southern, 1979).

A comparison of the standard deviation in length estimates made
using the digital and the Joyce Loebi microdensitometers is shown in
Table 6.1. It was not possible to compare estimates of the lengths
of the same restriction fragments, run on the same gels, with both
types of microdensitometer. Clone sets 1 to 6 (Table 6.1.) consist
of various cosmid clones which were shown to contain EL418 sequences
derived from the dhfr gene region (see Chapter 4). The restriction
fragment of about 5550bp in length, present in each of sets 1-5, is
that of the vector, pJB8. Clone sets 7-10 consist of different
isolates of the lambda clones 3e and 4e. The restriction fragments
listed were derived by BaniHI (sets 7 and 8) and by BamHI plus EcoRI
(sets 9 and 10) digestion of DNA from each isolate. In each set, the
fragments with approximate lengths of 20000 and 9300bp are derived
from the lambda vector. The results shown suggest that, on average,
different length estimates of a given restriction fragment are about
3-fold more consistent when made by the digital microdensitometer as
when made by the Joyce Loebl microdensitoineter. (Although an
estimate of consistency in measurement is different from one of
accuracy of measurement - i.e. a comparison of estimated with true
length of a fragment - the former must be a reflection of the
latter. It is not possible to determine the accuracy of length
estimates unless the sequence of a given restriction fragment is
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TABLE 6.1. Consistency in restriction fragment length estimates
made using (i) a digital microdensitometer and
(ii) an analogue microdensitometer

Method of
measurement

Digital.
microdensitometer

Analogue
microdensitometer

Clone No.clones No.gels Mean restriction S.D.
(bp)
per set fragment length
per set
set
(bp)

S.D.
(%)

1

4

3

18501.75
5224.50

659.48
32.55

3.56
0.59

2

4

3

13153.0
5544.75

463.89
21.29

3.52
0.38

3

7

3

9110.14
5527.28

105.13
25.90

1.15
0.47

4

8

4

3167.0
5551.63

11.93
21.07

0.38
0.38

5

5

5

1067.60
5525.20

10.83
28.23

1.01
0.51

6

7

2

2117.85

12.75

0.60

7

14

4

20028.29
13872.42
9260.92

842.53
468.24
238.93

4.21
3.37
2.58

8

12

2

20978.75
10739.0
9316.0
3484.5

702.56
163.39
106.93
187.12

3.35
1.52
1.15
5.36

9

6

3

20704.33
14494.0
9493.16

1924.57
1138.57
415.82

9.29
7.85
4.38

10

5

2

20735.60
9321.20
7536.80
2861.20

415.19
127.74
109.781
101.61

1.98
1.37
1.46
3.55

known.)

In addition to the greater consistency in length estimates, data
may be obtained with much greater speed by using the digital microdensitometer than by using the Joyce Loebi microdensitometer. With
the digital microdensitomer, all tracks on a gel are scanned
simultaneously. With the Joyce Loebl machine, only one track can be
scanned at one time. Manual measurement of fragment mobilities,
which is very time-consuming, is unnecessary with the digital
microdensitometer. -

6.2.2. The importance of choice of standards in restriction
fragment length estimation

A comparison of the variation in two separate estimates of each
of two different restriction fragments was shown in Table 5.2. As
described in Section 5.1., one set of fragments from each pair (i.e.
sets 2 and 5) was analysed using only a limited set of lambda
standard fragments. The standard fragments nearest in size to that
in set 2 (about 18303bp) and to that in set 5 (about 12586bp) were
22178 and 9416bp in length. The length of 22178bp for the larger
standard fragment is the mean length of the 21226bp fragment derived
by EcoRI digestion of Xc1857 DNA and the 23130bp fragment produced
by Hindill digestion of Xc1857 DNA. These two fragments were not
resolved on the 20cm long, 0.75% agarose gel which was used. The
second sets of fragments of each pair (i.e. sets 3 and 6) were
analysed using a more extensive set of lambda standard fragments.
The lengths of the standard fragments flanking the 18303bp fragment
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of set 3 were 21226 and 17057bp. (The 21266bp and 23130bp fragments
from EcoRI and Hindill-digested c1857 DNA, respectively, were
resolved on the 20cm long, 0.5% agarose gel used for set 3
fragments.) The lengths of the standard fragments flanking the
12586bp fragment of set 6 were 12712 and 11936bp. The percentage
standard deviation of fragment length estimates in sets 3 and 6 is
about 10-fold lower than that of estimates in sets 2 and 5.

Table 6.1. includes data which also demonstrates that the
variation in estimation of the length of one restriction fragment
derived from several different clones is proportional to the
difference in mobility of that restriction fragment and of the
flanking standards. All of the fragments in sets 1-6 were run on
20cm long, 0.75% agarose gels, in conjunction with a mixture of EcoRI
and Hindill digests of Xc1857 DNA as standards. The length
estimates of all but the two largest fragments shown are 3.5 to 10
fold less variable (as judged by the percentage S.D. values) than
those of the 18502 and 13153bp fragments.

Variations in estimation of the length of identical restriction
fragments derived by digestion of different DNA samples may hinder
recognition of the fact that a pair of restriction fragments are
identical. This, in turn, may pose considerable difficulties for the
construction of restriction maps. Such difficulties may in part be
overcome by the development of more sophisticated and accurate
methods of determining the mobility of a restriction fragment. As
discussed above, length estimates produced by using the digital
microdensitometer are superior to those obtained with the Joyce Loebi
microdensitometer. Accuracy may be maximised by careful choice of

- 180 -

standard fragments and of gel agarose concentration. In addition, in
the light of variabilities which resulted even with the digital
microdensitometer, it is important, where possible, to use
alternative methods to further characterise and compare cloned DNA
sequences.

6.2.3. The application of computer analysis of restriction
fragment lengths to mapping

The data obtained by scanning a gel with the digital
microdensitometer were entered directly into a computer and would
thus be readily available for further processing. One useful
treatment (with respect to mapping) of this data by computer would
be to place the different samples analysed into groups, using the-criterion of common restriction fragment lengths. Since the
various estimates of length of a restriction fragment potentially
present in different samples are unlikely to be identical (see
Sections 6.2.1. and 6.2.2.) a certain degree of variation about a
mean length would need to be allowed. Furthermore, the precise
degree in variation permitted for a given restriction fragment would
depend on the length of that fragment. Percentage deviations differ
less than do absolute deviations, but nonethiess might need to be set
independently over a range of fragment sizes.

Groups of samples or clones with one restriction fragment length
in common (plus or minus the pre-set variation) could initially be
formed. Such groups would probably be large and contain many
unrelated members. The requirement for an increasing number of
additional common fragments could then be placed on these groups. At
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each stage, the groups formed should be analysed, to check whether or
not all members were compatible. For example, three clones which
possessed, respectively, the set of restriction fragments a,b,c,d,e,
f; a,b,g,h,i,j and a,b,k,l,m, could not all be derived from the
same stretch of contiguous DNA. It should be noted, however, that if
these same clones contained amplified DNA, they then might be related
but contain sequences derived from different rearranged variants of
the amplified unit.

During the course of the work presented here, the type of
grouping described above was done by eye. Computer analysis would
undoubtedly have facilitated the grouping process and would become
increasingly helpful for the analysis of large numbers of clones.

6.3. The map is incomplete

Over 600kb of the DNA which is amplified in MTX-resistant EL4/8
cells have been isolated in a mixture of recombinant lambda and
cosmid clones. The isolated, amplified sequences fell Into one of 14
regions of DNA. 5 of the 14 regions are included in only a single
lambda clone. Partial maps, based on both restriction and
hybridisation data, were derived for each of these regions.

Analysis of the complement of EL4/8 DNA sequences cloned in the
cosmids which were isolated suggested that approximately one half of
the highly amplified sequences present in EL4/8 cells had been
identified and isolated. The unidentified sequences presumably
include those which link the different regions of DNA which were
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mapped and which are not contiguous. Some of the unidentified
sequences are likely to be sequences which are repeated in the
EL4/wild genome. The library screening methods used in this work
tend to select against the identification of clones containing a high
proportion of such sequences. At least six single-copy or lowrepeat sequences - those present in x63 (see Section 4.2.) and
s6(3)b, 6(3)e, 4h, 41 and 5(4)h - which were shown to be
amplified in EL4/8 cells have not been isolated in any of the cosmid
clones which were analysed.

In order to complete a map of the DNA which is amplified in
EL4/8 cells, additional cloned sequences would need to be identified
and isolated. Since a significant proportion of the amplified DNA
has been mapped, it might be possible to bridge the gaps between
each mapped region by 'walking' experiments, and the six cloned
single-copy or/and low-repeat sequences listed above could be used
individually to screen the cosmid library. In addition, it should be
possible to walk out from each end of the more extensive regions of
amplified DNA which were mapped.

It is' also possible that libraries made from EL4/8 DNA digested
with enzymes other than BamHI and Hindill might be required to clone
all amplified sequences. In this work only approximately 6kb of the
DNA sequences located immediately 5' to the dhfr gene were
identified (see cosmid EA5). One probable explanation for the
absence of further stretches of DNA 5' to the dhfr gene Is that the
distance between the Bam}iI site in the third Intron of the dhfr gene
and the next adjacent site to the 5' end of the gene is too large to
be cloned in a lambda vector. The length of DNA between these two
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sites was estimated to be of the order of 50kb in EL4 cells (TylerSmith, pers. comm.) and 30kb in MTX-resistant M500 mouse cells,
derived from the S180 cell line (Federspiel et al, 1984). Since
this region of DNA would not have been represented in the EMBL3
library used, it would also have been absent from the probe with
which the cosmid library was screened. The region 5' to the dhfr gene
could be isolated by walking in the 5' direction from the end of the
sequences cloned in cosmid EA5, in the cosmid library made with
Hindill-digested EL418 DNA. The restriction map of this region
presented by Federspiel et al (1984) includes many Hindill
recognition sites.

The restriction map derived from the dhfr group of clones, which
is characterised by cosmids JF4, GF3 and FC11, is largely consistent
with 'map C' defined by Crouse et al (1982) and by Federspiel et
a]. (1984). Map C was found by Federspiel et al (1984) to be
common to a variety of different murine cell lines, both sensitive
and resistant to MTX. This restriction map therefore probably
reflects that of the dhfr gene and of the region spanning 50-60kb 3'
to the gene found in the wild-type mouse cells. The BamHI fragment
cloned in X3s overlaps with the end of the 'C' map, but extends it
by only approximately 2kb.

As discussed in Chapter 4, the structure of amplified DNA in the
region of the dhfr gene suggests that a minimum of 3 sequence
organisation variants of an amplified unit of DNA is present in EL4/8
cells. A minimum of 2 variants is found in at least 4 of the other
regions of amplified DNA which were mapped. It is not possible to
say which sequence organisation within one region of DNA is
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contiguous with a given arrangement in a second region of DNA. Each
recombinogenic event which occurs during amplification leads to the
Insertion or deletion of a length of DNA into a sequence such that
an arrangement different from that present in the wild-type genome is
found. In most cases, the length of DNA involved in such events
could not be determined. The reason for this was that, with two
exceptions, the divergent sequence organisations which were
identified did not reconverge within the length of DNA analysed from
a given region. One exception is the sequence organisation present
In cosmid IC7. Relative to the wild-type dhfr gene, about 6kb of DNA
are deleted from the region of the gene which is cloned in this
cosmid. Both 5' and 3' to this deletion, the EL418 sequence
organisation present in cosmid 1C7 is the same as that found in and
around the wild-type genome. (A second rearrangement of the wildtype sequences is present at the 3' end of the region cloned in 1c7.
However, the divergence does not start until the wild-type sequence
organisation is clearly re-established after the 6kb deletion.) The
)3e-like sequence organisation found 3' to the dhfr gene in EL4/8
DNA is not found in any of the cell lines for which the dhfr gene
region sequences have been published. This suggests that a
recombination event between sequences which are separated by a
minimum of around 100kb in the parental genome has occurred during
EL4/8 DNA amplification.

Neither Ardeshir et al (1983) nor Federspiel et al (1984)
-

were able to characterise the magnitude of the recombinogeriic events
which had occurred during DNA amplification in the systems which they
studied. Crouse et al (1982) analysed 60 clones which each
contained some dhfr gene sequences. Out of these 60 clones, one was
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identified which contained an insertion of 0.3kb of DNA relative to
the wild-type sequence. It was not possible to determine whether or
not this insertion arose during cloning. In this respect, the clone
identified by Crouse et al (1982) resembles that of cosmid GG4.
This cosmid contains an insertion of about 5kb of DNA, relative to
that present in both cosmid HG6 and X6a. In the present study, it
was not determined whether or not the restriction fragments of the
same sizes as those in GG4, HG6 and X6a are present in digested
total genomic EL4/8 DNA, which would establish whether the insertion
in GG4 represented an EL4/8 variant or a cloning artefact.

6.4. Discussion of results pertinent to the mechanism of DNA
amplification

6.4.1. Introduction

An understanding of the mechanism-of DNA amplification will
require that the following questions, among others, are answered:

By what method are the multiple copies of the amplified
sequences generated? Is it by unequal SCE, by 'replicon misfiring',
by transposition or by some combination of these three factors?

Do multiple steps of amplification occur at different
times?

How are the differentially replicated sequences resolved
by recombination? Do favoured types of sequence exist between which
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recombination occurs?

(iv) Given that amplified sequences frequently undergo
translocation, what process controls the chromosomal site at which
sequences reintegrate? Is translocation a prerequisite for
amplification or does it occur during recombinogenic resolution of
the re-replicated sequences?

These questions are discussed in the following sections.

6.4.2. Amplified sequence gradients

As discussed in Section 1.5.3., most of the evidence available
from studies of amplified DNA in mammalian cells suggests that some
form of disproportionate replication, such as replicon misfiring or
transposition, rather than unequal SCE, is involved in the generation
of multiple copies of DNA sequences during amplification. Firstly,
Zieg et al (1983) found that, on selection with PALA, 10-20 copies
of the CAD gene were generated in what was, very probably, only a
single round of amplification. Secondly, the differential level of
sequence amplification observed in several systems (see, for example,
Ardeshir et al, 1983; Federspiel et al, 1984; Shiloh et al,
1985) is most easily explained by a model of replicon misfiring.
Provided that all rounds of replication did not proceed to the same
termini, this model would predict an inverse relationship between the
distance of a sequence from the origin of replication and the degree
to which it was amplified (see Figure 1.1.A.).
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A step gradient of amplified sequences was found in Drosophila
follicle cells in which the chorion genes had undergone amplification
(Spradling, 1981). In order to show that this gradient existed, a
series of probes derived from the region of DNA which becomes
amplified and whose relative positions in the genome were known, was
used to probe embryonal DNA and DNA from post-amplification egg
chamber cells. This analysis is relatively simple compared with that
required for highly amplified DNA in mammalian cells. The
Drosophila follicle cells are terminally-differentiated and do not
divide during chorion gene amplification. Electron micrograph
studies of DNA from post-amplification egg chamber cells reveal
multiply-branched structures (Osheim and Miller, 1983). This
suggests that the amplified DNA does not become integrated into the
chromosome and need not, therefore, undergo any form of
recombination. Indeed, no 'novel' restriction fragments were
identified by Spradling (1981). Thus the order of the chorion gene
amplified sequences probably reflects the 'normal' genomic order of
sequences. This is unlikely to be the case throughout the length of
the amplified DNA found in mammalian cells, since multiple
recombinogenic events must occur to generate either a linear,
chromosomally integrated structure or an extrachromosomal stucture,
such as a dm.

The length of DNA amplified per gene copy in mammalian cells
(several hundred to several thousand kb) is around the upper limit of
size for a eukaryotic replicon (average size 90-300kb; see Edenberg
and Huberman, 1975). It is therefore probable that not one, but
several origins of replication could be involved in amplification
mediated by replicon misfiring. If this were so, then several

- 188 -

regions of 'maximal' DNA amplification might be expected. Shiloh
et al (1985) analysed the relative degree of amplification of 5
sequences in 24 primary neuroblastomas. In 23 cases, the N-mrn
probe was either the most highly amplified sequence, or amplified at
least equally to the other sequences. In one primary neuroblastoma,
however, another sequence which was either amplified to a relatively
low level, or not amplified at all in the above 23 cases, was
amplified to twice the level of the N- .myc sequence. This suggests
that, if amplification of these sequences were generated by replicon
misfiring, then a different origin might be involved in the latter
case, from that involved in the former cases.

As discussed in Section 1.5.3., Heintz and Hamlin (1982) and
Heintz et al (1983) found a set of early-labelling restriction
fragments, derived from only a single region of the DNA which is
amplified in the MTX-resistant CHO cell line which they studied.
Whilst this may be the only origin of DNA which is functionally
active within the amplified sequences of that cell line, additional
or different origins could have been involved in the generation of
the amplified DNA structure.

There is limited evidence from the results presented here to
suggest that the sequences derived from the dhfr gene region might be
amplified to a greater extent than other sequences in EL418 cells. Of
the 34 cosmid clones whose EL418 sequences were related to those
present in one or more of the 22 lambda clones, 12 contain sequences
derived from the dhfr gene region. Whilst the selection of cosmid
clones was dependent on the EL4/8 sequences present in the 22 lambda
clones with which the cosmids were probed, the complement of
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sequences present in the lambda clones was partly dependent on the
relative copy number of different amplified sequences. Thus the fact
that 16 of the 66 cosmid and lambda clones which were mapped to
specific regions of the amplified DNA are found to have been derived
from only one such region may not be without significance and may
reflect a higher level of amplification of the sequences around the
dhfr gene. Other reasons for a differential sequence representation
amongst the isolated clones include a non-equal representation of
EL4/8 DNA sequences in either or both of the lambda and cosmid
libraries (see Section 3.6.).

It should be possible, by using the sequences present in the 22
lambda clones as hybridisation probes to EL4/8 DNA, to determine the
relative levels of amplification of these sequences. This type of
experiment was carried out in order to demonstrate conclusively that
the lambda clones contained EL4/8 amplified sequences (see Figure
3.3). Unfortunately, it is not possible to draw precise conclusions
from these experiments, as the quantity of EL4/8 DNA loaded on the
gels was not precisely calibrated, nor were the probes necessarily
labelled to the same specific activity.

6.4.3. The occurrence of multiple rounds of sequence
amplification

The work of Shiloh et al (1985) provides suggestive evidence
that more than one round of DNA amplification occurred in the
formation of the HSR found in the neuroblastoma cell line, IMR-32.
Whilst some of the amplified sequences (including N-y-homologous
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sequences) present in IMR-32 map to the distal region of the short
arm of chromosome 2 (2p23-2p25) in normal human cells, other
amplified sequences map to a more proximal region of the same
chromosome (2pl5-2pl6 and 2p13). These regions are separated by
several thousand kb of DNA. Only some of the more distal sequences
are also amplified in some of the primary neuroblastomas which were
analysed (Shiloh et al, 1985). These results suggest that the
first site of amplification in neuroblastomas is that found in the
primary neuroblastomas and occurs around the N- yS sequences on
the distal part of chromosome 2p. In the precursor of IMR-32, these
amplified sequences may have been translocated to the proximal region
of the short arm of chromosome 2 and there undergone a second round
of amplification prior to their (final?) translocation to chromosome
1 - the location of the HSR In 1NR32 cells.

Ardeshir et al (1983) also present evidence to suggest that
the DNA sequences which are co-amplified with the CAD gene in at
least one of their PALA-resistant Syrian hamster cell lines are
derived from a region which is non-contiguous with the CAD gene.
Again, it is possible that a first step of amplification occurred at
the site of the CAD gene and a second step occurred after
translocation of these sequences to another chromosomal location.

Another type of evidence suggestive of more than one round of
amplification is provided by analysis of the relative degree of
amplification of a pair (or more) of homologous sequences each having
a different sequence organisation (as defined by the distribution of
restriction enzyme recognition sites). For example, A4e contains
a Bam}II fragment of about 14.0kb. A homologous fragment of this
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length is also found in cosmid 1E5. Cosmids GF1 and HD1, however,
contain a X4e-homologous BamHI fragment of approximately 21.0kb.
Hybridisation of X4e to BamHI-digested EL4/8 DNA showed that the
21.0kb and 14.0kb fragments are amplified to an approximately equal
extent (Figure 3.3.). It is possible that these two fragments are
allelic - hybridisation of X4e to EL4/wild DNA was not detectable
after the exposure length of the autoradiograph illustrated in Figure
3.3. If these fragments are both derived from the same allele, then
at least one of the fragments must have been generated during
amplification in EL4/8 cells. The fact that both fragments are
equally amplified suggests that the recombinogenic event which
resulted in the amplification-derived form (assuming that one
fragment represents that found in the parental genome) occurred at an
early stage during EL4/8 DNA amplification. In subsequent rounds of
amplification, these two sequence arrangements must have both been rereplicated to the same extent.

x5(3)g and A5d characterise another pair of inserts
containing restriction fragments of different lengths but which
contain homologous sequences. These two clones thus define a second
point of recombination during, or following, amplification. The
organisation present in X5(3)g is probably amplified to a higher
level than that in X5d. When each clone was used as a probe to
BainilI-digested EL418 DNA, hybridisation to a 14.0kb fragment was
detected. A lower level of hybridisation to a slightly smaller
fragment is just detectable (see Figure 3.3.

the resolution on the

gels run is not optimal; see also Section 5.3.). These results may
be interpreted in two ways. Assuming that )d and X5(3)g do
not represent two different EL4 alleles, then it is possible that
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either X5d or x5(3)g reflects the parental sequence
organisation. If the former is true, then a recombination event to
produce the A5(3)glike arrangement must have occurred relatively
early during EL4/8 amplification. This arrangement, rather than the
X5d-like one, was then subsequently amplified. If X5d does
not contain the wild-type organisation then it could have been formed
at any stage during amplification, but subsequently re-replicated to
a relatively small extent.

These results suggest that whatever the mechanism of generation
of multiple copies of amplified sequences in EL4/8 cells, all copies
are not formed in one step. Rather, replication is interspersed with
recombination; this recombination is presumably required to generate
structures capable of passing through mitosis and cell devision.

6.4.4. The nature of the sites at which recombination occurs
during DNA amplification

The precise sequences at which the EL4/8 DNA amplification
specific recombination events occur have not been characterised.
Nonetheless, the nature of the sequences (with respect to their
degree of repetitiveness in the EL4 genome), present in some regions
of recombination has been identified. There does not appear to be
any one type of sequence common to all points of recombination. For
example, the recombination event which is found beyond the 3' end of
the dhfr gene (characterised by cosmids GF3 and BF5; see figure 4.7)
occurs in a NIF-homologous sequence.
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A second recombination event which was identified occurs within
the 12.6kb HindlIl fragment located at the 3' end of the dhfr gene.
This event results in the deletion of approximately 6.4kb from the
5th intron of the dhfr gene and is characterised by cosmid 1C7.
Crouse et al (1982) showed that the 12.6kb HindIII fragment
contains 3 copies of a BLUR8-homologous (i.e. alu-like) sequence and
also copies of some other repeated sequences. It is possible that
recombination between a homologous pair of one type of these repeats
resulted in the deletion described above, although the repeats mapped
by Crouse et al (1982) are separated by less than 6.4kb in the
relevant region of the dhfr gene.

The criterion of whether or not a restriction fragment is
competed in a plus-and-minus competitor experiment of the type
illustrated in Figure 3.5. (that is, 32P-labelled EL4/8 DNA was
used to probe Hindlil digests from individual cosmid clones, in the
presence, or absence of unlabelled, competitor EL4/wild DNA) may be
used to judge whether or not that fragment contains any sequences
which are repeated in the EL4 genome. Using this criterion, it is
apparent that the 61-homologous Hindill fragments that
characterise the point at which the sequence organisation found in
cosmid FB3 diverges from that found in cosmid JD2, contain few, if
any, repeated sequences. Thus recombination at this site would
appear to have occurred within a region devoid of repeated sequences.

The above examples and also others from this work, which have
not been described here in detail, suggest that whilst no particular
sequence is favoured for recombination, repeated sequences of some
kind are frequently, but not always, found in the region of DNA
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recombination. It is possible that homologous repeated sequences
mediate chromatid pairing prior to cross-over. Ardeshir et al
(1983) found that the novel fragments which they identified in
various PALA-resistant Syrian hamster cell lines were always unique
to one cell line. This again suggests that there are not favoured
points for recombination, but that a wide variety of sites may be
invoked.

6.4.5. Amplified sequence translocation

From the work presented here, it has not been possible to
address the question of whether or not translocation of sequences
occurred at any stage during DNA amplification in EL4/8 cells. It is
known, from cytological studies of the EL4/8 cell line, that the
amplified sequences reside on dm, but that in one subculture - used
for this work - an HSR replaced the dm (Bostock and Tyler-Smith,
1981). It is not known if the dm arose directly by sequence
excision from the dhfr locus of the EL4 genome or if they firstly
became integrated at a second chromosomal location, distinct from
that of the dhfr gene. In order to answer this question, it would
be necessary to map some of the isolated amplified sequences to
EL4/wild chromosomes, either by in situ hybridisation or/and by
analysis of hybrid panels. (Hybrid panels do not presently exist
for EL4 cells, but panels derived for a different mouse cell 1-me
could be used.) These types of analyses were used by Shiloh et al
(1985) in order to locate the origin of the IMR-32 amplified
sequences, described in Section 6.4.3.
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An alternative and less laborious method by which the relative
position of EL4/8 amplified sequences in the EL4/wild genome could be
tested would be to use pulsed-field gradient gel electrophoresis.
This technique offers the possibility of asking whether one single copy sequence is linked to a second one within a distance of up to
several hundred kilobases. A comparison of the hybridisation pattern
of amplified single-copy sequences to blots of various pulsed-field
gel analyses of both EL4/wild and FL418 DNA should provide
information about both the linkage of such sequences in the wild-type
genome and the way in which the relative arrangement of such
sequences is affected during DNA amplification (and thus, possibly,
elucidate whether or not sequence translocation had occurred during
EL4/8 DNA amplification).

Several groups, working on different amplification systems, have
found that translocation of amplified sequences frequently occurs to
a chromosomal site near that at which the normal, unamplified gene
is found (see, for example, Biedler et al, 1980; Flintoff et al,
1984; Wahl et al, 1982). It is possible that resolution of rereplicated structures formed during a first step of amplification,
leading to the integration of such sequences, tends to occur at
chromosomal locations that are physically close to the primary site
of amplification. Further rounds of amplification - perhaps selected
for by an increased drug concentration - might lead, on resolution of
the structures .produced, to a secondary transl )cation event. If
resolution of amplified sequences leads to the formation of a stable,
extrachromosomal structure, such as a dm, then chromosomal
reintegration need not occur at a site near to that of primary (or
secondary etc.) amplification. The above type of sequence of events
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may be envisaged during successive rounds of N- myc amplification
in IMR-32 cells (Shiloh et al, 1985).

Do transposable elements mediate sequence amplification and/or
translocation? If replicative transposition did occur during DNA
amplification, then an increase in copy number of the repeat
sequences flanking the transposable element(s) involved might be
expected. As discussed in Chapter 3, many cosmids were identified
during the work presented here which contained no single-copy
sequences homologous to those in the 22 lambda clones, but which may
contain short sequences which are repeated in EL4/8 cells, but which
are present at only a very low copy number in EL4/wild cells. These
postulated repeats must be present in multiple copies in the 22
lambda clones. It is possible that the presence of such repeats may
be relevant to the mechanism of amplification and could have been
generated by a transposition-like process. Further experiments are
necessary in order to analyse carefully the number and distribution
of the postulated repeated sequences in EL4/8 amplified DNA.

6.4.6. The importance of the study of single-step mutants

If a full map of all of the amplified sequences present in a
cell resistant to a high concentration of a given drug (such as an
EL4/8 cell) were constructed, if details of the structure of every
variant of the amplified unit were understood and if the wild-type
position and organisation of every sequence which is amplified were
known, it would still be debatable as to whether or not the question
of how the amplified DNA structure present in such a cell was built
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up could be answered. Whilst deductions could be made about the types
of events which must have occurred, the temporal sequence in which
these events had occurred and an understanding of the mechanisms
controlling these events might still be unclear. It is therefore
important to study, as well, systems in which the very first step of
DNA amplification can be analysed. Zieg et al (1983) suggested that
only one step of amplification had occurred in the 11 PALA-resistant
mutants which they isolated using a single step of selection (see
Section 1.5.3.). Whilst it is impossible to prove that more than one
step of amplification, involving several different events, had
occurred in these mutants (unless, in subsequent studies, PALAresistant mutants with consistently fewer CAD gene copies were
identified), this possibility cannot be ruled out. Nonetheless, an
analysis of the precise structure of the amplified DNA in such singlestep mutants would be informative. Any major differences between
the structure in these mutants and mutants resistant to higher
concentrations of PALA would help to define the sequence of the
events which occur during amplification. It would be interesting to
know whether or not any or all of the sequences present in the singleseep mutants had undergone translocation to new chromosomal loci.
Flintoff et al (1984) proposed that such a translocation was a
requirement for amplification, although it is likely that the
sequences present at different chromosomal loci possess different
requirements. It would also be interesting to find out at what stage
in amplification recombination events are invoked. Do single-step
mutants possess any novel joints in their amplified DNA?
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6.5. Summary

As illustrated by the results presented in this thesis, DNA
amplification is an exceedingly complex process. Many different
replicative, recombinogenic and, frequently, translocatlon steps
are involved in the production of the structures found in mammalian
cells resistant to high concentrations of drugs or in advanced tumour
cells. Studies in which the structure of amplified sequences have
been characterised at a molecular level have served to highlight
the complexity of the processes involved in amplification.
Nonetheless, such studies also provide a good basis from which to
continue experimental work aimed to increase the understanding of
these processes. The identification and isolation of amplified
sequences in individual clones provide probes which can subsequently
be used to map the chromosomal loci from which amplified sequences
are derived. The work of Shiloh et al (1985) demonstrates well how
cytological studies using amplified sequence probes can be
informative about DNA amplification. The greater the knowledge at a
molecular level about the structure of amplified DNA, the more
informative will be results from experiments designed to look at the
gross structure and formation of amplified sequences.
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APPENDIX IA
Length of EL4/8 DNA present in each lambda clone
Notes

(i) Insert lengths were calculated by summing the
lengths of restriction fragments produced by digestion
of lambda clone DNA with BamHI, Hindill or BamHI plus
Hind III (listed below under B, H and B+H, respectively).
(ii) Hindill digestion of the lambda clones does not exactly
excise the vector from cloned DNA. A value of 24215bp
has been deducted from the sum of all estimates made
using the lengths of Hindill fragments in order to
account for the lengths of DNA contributed by the EMBL3
in the linked lambda:EL4/8 DNA Hindill fragments.
Lambda
clone
3e
3j
3s
5(3)g
6(3)b
6(3)d
6(3)e
6(3)o
4c
4e
4h.
41
5(4)h
6(4)m
5a
5d
5f
5k
6a
61
6k
61

Length (bp) of EL4/8 DNA cloned in lambda
B+H
B
H
14010
16705
12663
14225
14080
12047
12385
17030
.15612
14193
18293
14135
13428
14242
17251
13576
12683
14604
11515
12732
13141
16191

- 224 -

14825
17300
13737
15014
11005
12874
13069
18091
16425
14880
19116
15986
15072
15179
17483
13839
12520
15173
13205
13235
13917
16998

13937
16321
12535
14322
8824
12442
12033
17410
15036
13648
19993
13953
13497
14830
16389
13568
12433
14199
11513
12275
13038
16103

APPENDIX lB
Length of restriction fragments produced by BamHI, Hindill
and BamHI + Hindill digestion of lambda clone ONAs
determined using a digital microdensitometer
Notes (i)

B denotes BamHI restriction fragments.
H denotes Hindlil restriction fragments..
B+H denotes length of restriction fragments produced
by double digestion with BamHI and Hindill.
(L) and (R) denote that a fragment includes the left
or right arm, respectively, of the lambda vector, EMBL3.
Restriction fragments derived entirely from vector DNA
are excluded in this Appendix.,
(+1) indicates that one or more small restriction
fragment was visible on the gel, but was not sized using
the microdensitometer.

Lambda
clone

Type of
digest

Length (bp) of restriction fragments(s).

3e

B
H
B+H

14010
24989(L); 6788(R); 3132; 2368; 1086; 667
4826; 3147; 2376; 1974; 1082; 532

3j

B
H
B+H

16705
21974(L); 7746(R); 3747; 3675; 3153; 1210
3777; 3695; 3150; 2971; 1518; 1210

3s

B
H
B+H

12663
21578(L); 10459(R); 5019; 886
5634; 4972; 1197; 732

5(3)g

B
H
B+H

14225
20508(L); 6769; 5978(R); 2915; 1665; 784; 600
6751; 2867; 1625; 1173; 1061; 543; 302

6(3)b

B
H
B+H

9333; 3619; 1128;
23379(L); 5994(R); 5837
3006; 1991; 1605; 1111; 1111

6(3)d

B
H
B+H

12047
21481(L); 10572(R); 5026
5636; 4984; 922; 900(+1)

6(3)e

B
H
B+H

10777; 1608
20174(L); 6886(R); 4881; 2253; 1051; 1032; 997
3377; 2267; 2140; 1456; 957; 957; 879

6(3)o

B
H
B+H

17030
20819(L); 8286; 5674(R); 4783; 2734
8259; 4762; 2785; 911; 693
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Lambda
clone

Type of
digest

Length (bp) of restriction fragments(s)

4c

B
H
B+H

6610; 5126; 2457; , 1419
20698(L); 8449(R); 5925; 3636; 1922
3636; 2404; 2404; 2284; 1932; 1332; 1044

4e

B
H
B+H

14193
22608(L); 5534(R); 5039; 3737; 2167(+1)
4991; 3748; 2160; 2041; 708

4h

B
H
B+H
-

10126; 8167
21568(L); 5304; 5130(R); 3197; 2545; 1615; 1615;
1307; 1040
5297; 3493; 2548; 2394; 1630; 1592; 1277; 964;
798

41

B
H
B+H

10662; 3473
23395(L); 5795; 5385(R); 2808; 2808
5205; 2781; 2781; 2586; 600(+.1)

5(4)h

B
H
B+H

10537; 2871
26249(L); 5735(R); 4483; 2810
5203; 2848; 2590; 1852; 1004

6(4)m

B
H
B+H

8025; 2689; 2241; 1287
20681(L); 7868(R); 4997; 3375; 2463
4953; 2066; 1287; 1275; 1275; 1000; 879; 879;
709; 507

5a

B
H
B+H

10377, 5502; 1372
21383(L); 6187(R); 5596; 5057; 1483; 1315; 667
5449; 3977; 2007; 1460; 1306; 1306; 884

5d

B
H
B+H

13576
27478(L); 6000(R); 2905; 1661
7932; 2845; 1619; 1172

5f

B
H
B+H

9510; 3173
23783(L); 5931(R); 2825; 1775; 1553; 858
3020; 2809; 1763; 1537; 1409; 1177; 718

5k

B
H
B+H

12895; 1709
20513(L); 6904(R); 5066; 3554; 2050; 1291
5051; 3605; 2214; 1304; 1304; 721

6a

B
H
B+H

9610; 1905
22290(L); 5083; 4538; 2246; 2178; 1075
2907; 2264; 1845; 1845; 1634; 1018

61

B
H
B+H

4860; 3688; 2120; 2120
20436(L); 12183(R); 3110; 983; 728
3780; 3625; 2098; 924; 924; 924(+1)

6k

B
H
B+H

4872; 4097; 2134; 2038
24257(L); 6831(R); 3119; 2131; 985; 799
3767; 2074; 2074; 1183; 929; 929; 929;
629; 524(+1)

-
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Lambda
clone

Type of
digest

MI

B
H
B+H

Length (bp) of restriction fragments(s)
4237; 4023; 3379; 2617; 1935
25732(L); 5522(R); 4211; 2484; 2282; 969
4234; 3777; 2475; 1799; 1799; 767; 626; 626(+1).
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APPENDIX hA
Length of EL4/8 DNA present in each cosmid clone
Notes

(i) Insert lengths were calculated by summing the
lengths of restriction fragments produced by
digestion of cosmid DNA with Hindlhl (listed
below under 'H') and BamHI (listed below under
'B').
BainHI digestion of the cosmids does not exactly
excise the vector from cloned DNA. A value of 5550bp
(the length of pJB8) has been deducted from the sum of
all estimates made using the lengths of BamHI
fragments to account for this fact.
* denotes that a cosmid has been shown to contain
single-copy sequences homologous to EL4/8 sequences
present in one, or more of the lambda clones listed in
Appendix I.
t denotes that there is a difference of greater than
2000bp in the length estimates made by summing each of
the Hindill and BamHI restriction fragments.
Cosmid
* H5
H46
1150
H52
1153
H54
H57
*H60/2
H80
AB6
*? BD8
• BE5 1• BF5
• BG5 t
CA8
CF5 t
• DB1
DD1
• DG9
DH7 t
• EA5
*? EB12
ED9 t
ED12t
* FA7 t
* FB3 t
* FC11t
* FC16
GA10
GB1 t
* GB2 t
GB1O
GC12

Length (bp) of EL4/8 DNA cloned in cosmid
B
H
37231
33350
34042
40267
38387
41301
32948
33155
34062
32068
35414
31747
36051
33821
41161
35716
43668
41949
32347
31964
40085
35226
39955
34177
37135
35600
32595
30660
34176
37649
32739
39362
36297
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37774
40603
37457
33113
33036
31170
35820
27045
37065
30987
42052
22416
43341
42052
35209
35093
43189
33232
44309
39637
40096
33263
31319
31903
34251
34937
34903
38137
37407

Cosmid

•
•
•
•
•
•

*?

*

*
*?

•
•
•
*
*
*
*

*
*?
*?

*

GD5
GD7 t
GD9
GE7
GF1
GF3
GF5
GG4
GG6
GH3
GH6
HD1
HE1
HE4
HE10
HEll
HF1
HF2 t
HF3
HF5 t
HF7
HF8 1HG6
HH11
HH12
1A3
1A6
1B3
1B7
1C7
IC10
1D4
1D6 t
1E2
1E4
1E5 •1•
IF10
1F12
1G9/10
JBIO
JC5 t
JC7
JC8 t
JC10
JD2
JD4
JD1O
JEll
JF1
JF4
JF12
JH10
KA2
KAl2
KB2

Length (bp) of EL4/8 DNA cloned in cosmid
H
B
40000
42065
39430
39048
36657
34773
38845
43252
36599
43743
37540
42375
36224
41628
46977
38145
31187
29742
34690
40768
32847
45287
36152
35223
36509
36968
34537
32524
43472
37713
38224
34238
39728
33794
36342
39977
36859
31298
31296
31092
30261
36800
36766
38670
37751
36961
35090
35190
36722
36186
38280
42244
41882
31357
41149
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39552
39031
37532
38526
37226
34880
39039
43008
37359
43335
37147
42620
36326
41387
46091
39344
31314
36017
33750
32057
32172
48242
35792
35151
35069
37422
35152
32948
44647
38608
38598
34857
45478

35911
42930
37145
30965
31421

33024

39954
37869
36591
35758
35319
35766
35319
37414
38209
41273

33545
42102

Cosmid
*? K33
KB4
KB5
KC1
KC4
KC6
KC8
KE1

Length (bp) of EL4/8 DNA cloned in cosmid
B
H
42282
37195
43323
45835
41838
42881
35931
35192
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41801
37216
44732
44897
-

43778
-

35406

APPENDIX IIB
Length of Hindill and BamHI restriction fragments present in
cosmid clones, determined using digital microdensitometer
Notes

*

(i) H denotes Hindill restriction fragments
B denotes BamHI restriction fragments
E denotes the BamHI fragment including approximately
5550bp of DNA derived from the vector, pJB8 and
identified by hyidisation of BamHI-digested
cosmid DNA with p-labelled pJB8 DNA.
* denotes that a cosmid has been shown to contain
single-copy sequences homologous to EL4/8
sequences present in one, or more of the lambda
clones listed in Appendix I.
(+1) or (-i-i) denotes that 1, or more, small
restriction fragment is visible, but not sized
using microdensitometer.

Cosmid

Hindlil or
BamHI
digest

H5

H
B

12587; 8978; 3150; 3150; 2403; 2403; 2157;
1516; 887
15496(E); 8991; 4789; 4037; 3663; 2204;
2121; 2023

H46

H
B

9780; 6104; 5977; 4209; 4209; 3071
-

H50

H

8037; 6011; 6011; 4035; 2657; 2496; 2496;
2299
-

B
H52

H
B

9203; 8812; 7112; 5110; 4600; 2715; 2715;
10030; 8440(E); 6996; 4612; 4043; 3266;
2326; 2031; 1550; 1114; 898; 847

H53

H

7704; 7365; 4918; 4361; 4262; 1743; 1604;
1437; 1313; 1177; 909; 832; 762
16772; 9422; 6798(E); 4766; 3292; 1957

B
H54

H57

-

Length (bp) of restriction fragments

1 *H60/J2

B

16958; 7187; 4676; 3987; 2811; 2128; 1865;
1689
-

H
B

10946; 5846; 5457; 3625; 2486; 2486; 2102
17805; 7782; 6481; 5495(E); 1100

H

8459; 5397; 5074; 4664; 3449; 2512; 2085;
1515 (+1)
14522(E); 8105; 4093; 3886; 2680; 2222;
1278; 1035; 765 (+1)

H

B
H80

H
B

9967; 8384; 5475; 4529; 3103; 2604
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Cosmid

Hindlil or
BainHI
digest

Length (bp) of restriction fragments

AB6

H
B

7255; 5862; 5604; 4227; 3526; 3444; 2150
9392; 6246; 5521(E); 4412; 4223; 4025;
1468; 1433

*? BD8

H

8564; 6534; 6102; 4930; 3362; 2444; 1739;
1739
12050; 12000; 8521(E); 6698; 2101

B

*

BE5

H
B

*

SF5

H
B

*

BG5

H
B

CA8

H
B

•

9266; 7378; 3845; 3736; 3414; 3193; 1771;
1218
14819; 7224(E); 6182; 4256; 2564; 1492
8612; 7377; 6254; 6063; 4427; 2326; 2326;
1989; 1787 (+1)
18853(E); 6619; 4904; 3701; 3571; 3286;
3286; 1772; 1583

H
B

8733; 7992; 7677; 4721; 4721; 1872
5850(E); 5228; 5228; 3093; 2973; 2973;
1667; 954

DBI

H

18153; 9273; 3181; 3181; 2406; 2201; 2201;
1075; 897; 610; 490
18425; 13883; 6266(E); 4026; 2186; 2101;
2004

DDI

H
B

DG9

H
B

DH7

H
B

•

12490; 9325; 3170; 3170; 2415; 2415; 2166;
900
12945(E); 10802; 4800; 4046; 3669; 2206;
2124; 2023

CF5

B

•

5490; 5089; 3750; 3731; 3679; 2734; 2551;
2109; 1519; 1095
15008(E); 4577; 4295; 3112; 2900; 1662;
1041

EA5

H
B

9664; 5960; 5960; 5405; 3599;3500; 2295;
2159; 1377; 1075; 945 (+1)
11154; 9353; 8064(E); 5539; 4963; 2547;
2547; 2308; 1127
6862; 4519; 2986; 2912; 2710; 2423; 2303;
2303; 1660; 1379; 1379; 911 (+1)
14769; 6160; 5976(E); 4743; 3396; 1860;
1860; 1037; 958
6660; 5532; 4509; 4509; 3134; 2595; 2595;
2430 (+1)
14029; 10148(E); 4756; 4255; 3289; 1798;
979; 764; 625
6210; 4666; 4666; 3693; 3403; 3403; 3181;
2566; 2566; 1664; 1539; 1264; 1264
17296; 15900; 7848; 5578(E); 2117

-

232 -

Cosmid
*? EB12

Hindlil or
BamHI
digest
H
B

18007; 9560; 5500; 2159;
8717; 8149(E); 6300; 5600; 5516; 2400;
2100 (+1)

ED9

H
B

9165; 8244; 7393; 6228; 5206; 2436; 1283
20212(E); 17849; 9474; 2324 (+1)

ED12

H

9801; 4495; 3204; 2850; 2724; 2535; 2414;
2287; 2063; 1804; 1804(+>1)
11765; 10030; 8149(E); 8149; 3826; 3268

B

*

FA7

H
B

*

FB3

H
B

*

FC11

H
B

*

FF6

H
B

GAla

H
B

GB1

H
B

*

Length (bp) of restriction fragments

GB2

H
B

GB10

H
B

GC12

H
B

9352; 5912; 3005; 2939; 2731; 2450; 2326;
1971; 1672; 1395; 1395; 1076; 911 (+>i)
11274(E); 6933; 6168; 4745; 4389; 4060;
3393; 2426; 1358; 900
12412; 6484; 4242; 3291; 2521; 2314 1954;
1354; 911
6341(E); 5619; 5302; 4124; 3916; 3282;
2549; 2387; 2013; 1889; 1391
7127; 5047; 5047; 4118; 2992; 1909; 1629;
1385; 1215; 1215; 911 (+1)
6898(E); 6666; 5437; 5181; 5181; 4052;
3454
6790; 4480; 2968; 2886; 2689; 2276; 2276;
2191; 1642; 1402; 1060 (+1)
14303; 11811(E); 4716; 3383; 1857; 1383
10323; 6293; 4858; 4124; 4124; 2036;
1230; 1188
9957; 7000(E); 7000; 5330; 4292; 3200;
1975; 1047
13953; 8403; 6888; 2357; 2357; 2031; 963;
697
11985; 11985; 9583(E); 6934
8452; 4887; 4636; 4024; 3609; 2440; 1743;
1701; 1247 (+1)
13692; 11677; 6324(E); 3144; 3053; 1324; 1239
7384; 5445; 4788; 4385; 4385; 4385; 3259; 2438;
1097; 796
17984(E); 10165; 7167; 3663; 2826; 1882
7869; 4582; 3584; 3334; 3071; 3001; 2343;
2049; 1534; 1106; 1106; 982; 736 (+1)
15332; 10044; 9302; 8279(E)
- 233 -

Cosmid

Hindlil or
BainHI
digest

GD5

H

Length (bp) of restriction fragments
6567;
2554;
6900;
3733;

B
GD7

H

9908; 8620; 7193; 6051; 4316; 1442; 1442;
1067; 1067; 959
21806; 8658; 7809; 3437; 2871

B
GD9

9618;
1863;
6583;
2556;

H
B

GE7

H

GF1

12197; 5687; 4211; 4211; 3798; 2356; 2188;
2009
21670; 15234(E); 3023; 2849

H
B

*

GF3

12464; 5039; 4117; 3171; 2990; 1912; 1628;
1381; 1201; 870
10427(E); 5446; 5234; 4779; 3648; 3456;
3335; 2102; 2003

H
B

GF5

H

6960;
1934;
7526;
3440;
551

B

*

GG4

H

8470; 6844; 3412; 3322; 3042; 2628; 2432;
2313; 2132; 1151; 853
14790; 13753; 7180(E); 5755; 1431

B

*

GH3

18180; 9203; 3987; 3159; 2387; 2202; 2164;
1058; 810; 593 (+1)
18364; 13769; 5814(E); 4711; 4033; 2194

H
B

*

GH6

H
B

*

HD1

H
B

5177; 4716; 4173; 3650; 3064; 2623;
1732; 1732; 1464; 810; 810 (+-1)
6461(E); 5237; 4114; 3816; 3440;
3218; 1869; 1740; 1443; 958; 776;

6760; 4481; 3930; 3075; 2964; 2882; 2700;
2539; 2539; 2276; 2276; 2276; 1634; 1385;
987; 548
14922; 10046; 5884(E); 5720; 4747; 3390;
1845; 1058; 946

H
B

GG6

5145; 4619; 4494; 3378; 3164; 2766;
1863; 1508; 1012
6021; 5696(E); 5090; 4951; 3876;
2440; 2279; 1867; 1723

11870; 8988; 8476; 4089; 3613;
2012 (+1)
16728(E); 15560; 6425; 4196; 1167

B

*

5341; 4576; 4387; 3773; 3773; 2790;
2149; 1298; 1108; 907; 777
6570(E); 4961; 4150; 4150; 3822;
3299; 2836; 1786; 1514; 1381

-

18278; 9082; 3152; 2382; 2202; 1054; 800;
590 (+1)
18416; 13789; 8298(E); 2194 (+1)
12210; 5801, 5671; 4189; 4189; 3780; 2351;
2182; 2002
21670; 10000; 7202; 6500(E); 2809

- 234 -

Cosmid

Hindill or
BamHI
digest

HE1

H
B

HE4

H
B

HE1O

H
B

8388; 5279; 4010; 4010; 4010; 3739; 2668; 2385;
933; 802
13202(E); 11362; 9171; 4118; 2687; 1336
6436; 5909; 5713; 5512; 4912; 3237; 2594; 2175;
2062; 1675; 1403
14856; 7840(E); 7840; 7205; 5648; 1935;
1613
17958; 8167; 5261; 4785; 2819; 2819;
1478; 1311; 927; 779; 673
17231; 11266(E); 9211; 7323; 1060

B

13248; 6895; 4865; 4254; 2961; 2171;
2104; 1647 (+1)
28628; 6087(E); 4852; 2182; 1836; 1309

HF1

H
B

9728; 6907; 5500; 2833; 2587; 2336; 1296
11991; 11991; 5913(E); 3640; 3329

HF2

H

6254; 5609; 5070; 4157; 2883; 2428;
2023; 1318
14232(E); 12447; 5186; 2974; 2556;
2556; 853; 763

HEll

H

B
HF3

H
B

HF5

H
B

HF7

H
B

*? HF8

H
B

*

Length (bp) of restriction fragments

HG6

H
B

HH11

H
B

6322; 5842; 5569; 3034; 3034; 2933;
2801; 1986; 1648; 1521
11616(E); 11103; 6873; 5279; 2442;
1987
7889; 7292; 6852; 4714; 3626; 2529;
2330; 1662; 1475; 1270; 1129
13537(E); 7540; 4947; 3812; 2614;
2216; 1090; 946; 905
9653;
1189;
7379;
2395;

6387; 5749; 4953; 1762; 1189;
1086; 879
7068; 6892; 5843(E); 4127; 3206;
812

6201; 5906; 5474; 5474; 5292; 3488;
3088; 2916; 2676; 1485; 1168; 1168;
951 (+>4)
23892; 9561(E); 8379; 5553; 2927; 1380;
1100; 1000
6788; 4478; 3924; 2974; 2892; 2696; 2280;
2280; 2203; 1631; 1631; 1385; 990
14662; 9687; 8758(E); 5459; 1837; 939
14717; 8106; 4393; 3438; 2645; 1924
13526; 6290; 5982(E); 5982; 2681; 2081;
1989; 1150; 1020
- 235 -

Cosmid

•

HH12

Hindill or
BamHI
digest
H
B

•

1A3

H
B

•

1A6

H
B

LB3

H
B

*? 1B7

H
B

*

1C7

H
B

IC10

H
B

*

1D4

H
B

*

1D6

H
B

*

1E2

H
B

*

Length (bp) of restriction fragments
15335; 3828; 3736; 3528; 3329; 2971; 2244;
1538
19785; 14349(E); 6485
9014; 5160; 5112; 4898; 3924; 2707; 1794;
1442; 1442; 805; 670
8717(E); 8717; 7234; 6216; 5508; 4231; 1376;
973
9385; 6492; 3627; 3017; 2974; 2892; 1704;
1663; 1398; 1385
13799; 9443; 5656(E); 5393; 4785; 926
8796; 8232; 5687; 4088; 2122; 1561; 1168;
870
14199; 6702; 5660(E); 4983; 2895; 1460;
1345; 1245
13566; 13566; 5226; 4903; 3192; 1634;
1385 (+1)
18654; 11372(E); 4252; 4114; 4114; 2369;
2305; 2064; 953 (+1)
9099; 6123; 3363; 3150; 3150; 2403; 2403;
2154; 1526; 1263; 1078; 896; 615; 490
17750(E); 15994; 4060; 2209; 2123; 2022
9568; 9299; 5290; 3881; 3655; 3422; 2025;
1084
9407(E); 7103; 6197; 5584; 5449; 2948;
2845; 2626; 1989
7162; 5404; 3681; 3356; 2836; 2775; 2508;
1797; 1797; 991; 742; 596; 596
19800; 12324(E); 5191; 3092
8458; 7116; 4873; 4010; 2857; 2430; 1968;
1728; 1728; 1728; 1566; 1266 (+1)
12552(E); 12075; 9852; 5972; 3137; 3058;
3058; 1324
13628; 4635; 3678; 3382; 3166; 2440; 1549;
1316 (+1)
-

1E4

H
B

9695; 6117; 5130; 4919; 4919; 3309; 2253
12952(E); 6195; 4816; 4295; 4167; 3312;
2394; 2309; 1021

1E5

H

9035; 5081; 4889; 4225; 4225; 3801; 2704;
2197; 2019; 1801
14588; 10053(E); 9687; 7260; 5516; 1376

B

- 236 -

Hindill or
Cosmid

Length (bp) of restriction fragments

BamHI

digest
*

IF1O

H
B

•

1F12

H
B

t *

1G9110

H
B

JB1O

JC5

JC8

B

-

H

5080; 4560; 3097; 3097; 2438; 2028; 1708;
1708; 1587; 1336; 1336; 1143; 1143 (+1)
14951; 7752(E); 5203; 4829; 3133; 2706

H

7631; 6253; 5132; 4011; 4011; 3372;
2097; 1489

B

-

H

8396; 6359; 4511; 3901; 3504; 2711; 2181;
2181; 1721; 1301 (+1)
12905; 10891; 7384(E); 4613; 2866; 2369;
2294; 2182 (+1)

H
B

*

JD2

H
B

*? JD4

H
B

*? JD10

H
B

JEll

H
B

JF1

6728; 5422; 5018; 3468; 3399; 3260; 1387;
1307; 1307
13767; 11360(E); 5441; 3171; 1400; 990;
842
7980; 5312; 4330; 3895; 3583; 3189; 2779;
2029; 1890

B

JC1O

7135; 5334; 4295; 4295; 3928; 3407; 2904
10373(E); 6554; 5915; 5468; 5003; 1766;
1426

H

B
JC7

17948; 9000; 3149; 2383; 2201; 1073; 615;
490
18353; 13832; 8314(E); 2196

H
B

2804;

7111; 7111; 5726; 4620; 4294; 3670; 2298;
1883; 1125; 832
12348(E); 9978; 7680; 5273; 4109; 4031 (+1)
15238; 8913; 4241; 3621; 2523; 2321; 894
11383; 7618(E); 7366; 4186; 3844; 3307;
2553; 1884
9752; 6081; 5303; 4280; 3350; 3199; 1777;
1648; 1570 (+1)
10696; 7371(E); 5433; 5433; 5256; 4256; 2863
7584; 7584; 5859; 5338; 3868; 3083;
14101; 14007(E); 8808; 2371; 1582

1774

5872; 5632; 4962; 4419; 4138; 3326; 3149;
2646; 1046
11030; 7982(E); 6624; 6222; 4270; 2892; 2296
9813; 7491; 5558; 4867; 3701; 2982; 2310
10370(E); 10070; 8851; 4144; 3000; 2192;
1446; 796
- 237 -

*

Cosmid

Hindlil or
BamHI
digest

JF4

H

Length (bp) of restriction fragments

B

12600; 4639; 3679; 3418; 3418; 3167; 2437;
1545; 1283
17777; 8490; 6039(E); 4833; 3688; 2137

JF12

H
B

18993; 9341; 2515; . 2367; 1831; 1673; 1560
12873; 10062(E); 10062; 8891; 1871

JH1O

H

17889; 13649; 2896; 1979; 1112; 1052; 993;
993; 901; 780
12830; 11339; 6811(E); 5766; 2961; 2775;
2775; 1566

B
KA2

H
B

KAl2

H
B

KB2

H
B

*? KB3

H
B

KB4

H
B

KB5

H
B

KC1

H
B

KC4

H
B

KC6

H
B

8096; 7014; 5240; 4266; 3797; 3450; 2679;
2305; 1969; 1533; 1533
7595;
1915;
7913;
2599;

5081; 4787; 3089; 2449; 2263; 2263;
1915
6934; 5870(E); 5729; 4416; 4329;
1305

8003; 7248; 6944; 5648; 3676; 2535; 1724;
1596; 1492; 1174; 1109
18250(E); 7810; 5829; 4755; 4081; 2980;
2021; 1926
8609; 5632; 5392; 3089; 3089; 2946; 2574;
2495; 1674; 1572; 1572; 1464; 1118;.1056
9095(E); 7659; 6510; 4356; 4150; 3555;
3065; 2769; 2487; 2101; 1604
10342; 8585; 4019; 3452; 2812; 2047; 1466;
1378; 1060; 1060; 974
11921; 8924; 6896(E); 5696; 4789; 4540
8878; 8272; 7278; 5437; 3939; 3737; 3325;
2457
11421(E); 10123; 9093; 7486; 5914; 5189;
1056
14405; 7221; 5933; 3770; 2576; 2449; 2449;
2298; 2061; 1475; 1198
14842; 12309; 7085; 5770(E); 5061; 2420;
1982; 978
9356; 7675; 7349; 4380; 4053; 3690; 2867;
2468 (+1)
6396; 5702; 5557; 4407; 3940; 3734; 3429;
2578; 1860; 1860; 1506; 1101; 811
16680; 14387(E); 6793; 5915; 4111; 1442
- 238 -

Cosinid

Hindill or
BamHI
digest

KC8

H

KE1

Length (bp) of restriction fragments

B

13594; 6428; 3890; 3107; 2420; 2420; 1897;
1364; 811
-

H
B

9265; 8732; 5554; 4571; 4051; 3019
9684; 8861; 7593(E); 6399; 3876; 3197; 1446

t Identical cosmids, picked independently.

- 239 -

