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Abstract

Microdissection and microcloning have been applied to
generate banks of chromosome specific probes for molecular
analysis of the mouse X chromosome.

For the purposes of microdissection the CD strain of wild
mouse (Mus musculus) was used - in which the X chromosome
is clearly distinguishable from the rest of the karyotype.
X chromosome fragments were microdissected from unstained
metaphase spreads and were collected in a nanolitre micro-
drop. Following collection of chromosome fragments DNA was
purified and after restriction enzyme digestion was cloned
into a lambda vector, all using special microprocedures.

Two microdissections of the whole X chromosome generated
banks of 2000 and 1000 microclones. In addition a region
specific microdissection was carried out. The mouse X
chromosome was divided into four equally sized regions,
designated centromeric, proximal, distal and telomeric
regions. The 'proximal' region was chosen for
microdissection because it contains a number of interesting
genetic loci. The regional microdissection resulted in a
bank of 650 microclones.

Microclones from a whole X chromosome microdissection and
from the regional microdissection have been analysed for

size and repeat sequence content. Mean average microclone
size from both banks was observed to be smaller than
expected - probably due to acid fixation of chromosomes

during preparation of metaphase spreads for microdissection.

A number of microclones, mainly from the regional
microdissection, were further analysed for X chromosome
specificity and restriction fragment length variation
between Mus musculus DNA and Mus spretus DNA. Suitable
microclones have been mapped on the mouse X chromosome by
classical genetic analysis, utilising a mouse pedigree
derived from a Mus musculus female, heterozygous for two
semi-dominant X linked coat mutations, crossed to a wild
type Mus spretus male. Resulting female progeny were
'bpackcrossed' to male Mus musculus mice, resulting in over
230 progeny for genetic analysis of microclone positions. X
chromosome specific probes were mapped in relation to the
segregating coat mutations, Harlequin and Tabby and to the
other probes, thus distancing and ordering clones.

Six microclone probes displaying suitable restriction
fragment length variation have been positioned on the mouse
X chromosome and span the expected genetic area. Individual
markers display unusual physical characteristics - two
probes appear to detect localised repeat sequence islands.
The set of X chromosome specific molecular markers provide a
basis from which further analysis of the mouse X chromosome
may be undertaken.
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Standard Abbreviations

(S. I. Units and abbreviations explained in the text are not
given here)

A optical absorbance at 600 nm
600 ‘

ATP adenosine triphosphate

bp base pair

cM centiMorgan

uCi microCurie

dATP deoxyadenosine triphosphate

dCTP deoxycytodine triphosphate

dGTP deoxyguanosine triphosphate

dTTP deoxythymidine triphosphate

DNA deoxyribonucleic acid

d.p.m. disintegrations per minute

-2

g acceleration due to gravity (9.8 ms )

kb kilobase pair

min minute

RNA ribonucleic acid

p.f.u. plaque forming units

uv ultra-violet

U units

v/v volume per volume

w/v weight per volume

& recombination fraction
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1. Molecular Mapping Of The Mouse X Chromosome
Introduction

The field of molecular genetics 1lies between the two
separate disciplines implicit in its name: Dbetween the

genetic analysis of chromosome segregation and the molecular

study of chromosome structure; between

manifestations

the

of genes and the physical genomic

phenotypic

sequence.

The thread which runs between the boundaries and through the

whole of molecular genetics, is the structure

the chromosome.

The chromosome is a physical entity, with

genetic nature. The analysis of the genetic

chromosome concerns the segregation behaviour

and content of

a functional
aspect of the

and phenotypic

manifestations of genes. The analysis of the physical
aspect of the chromosome concerns the organisation of DNA
within the chromosome. This organisation operates at many
levels from the packing of DNA into the form of a

chromosome,

array along the length of the chromosome.

to the positioning of DNA sequences in a linear

A basis for the delineation of the genetic and physical
aspects of the chromosome is provided by +the chromosome
molecular map.

A map represents a system of recognition and orientation
within a defined area. In the case of the chromosone
molecular map the defined area is the 1length of the
chromosome, and the system of recognition and orientation

along this two dimensional 'data string'

positioning of molecular markers.

19

is provided by

The analysis of

the

these



markers and their DNA restriction fragment length variants
represents common ground for the genetiec and physical
- aspects of the chromosome. "~The molecular markér"héé: a
genetic nature- - its chromosomal DNA homologue will
segregate and behave as a genetic locus, and is mapped as a
purely genetic locus but at the same time this is a rgenetic
maﬁifestation of the molecular marker, a pﬁysical entity,

being a DNA sequence derived from the chromosome by chemical

means.

Mapping The Mammaiian Chromosome

Compared to an organism such as Drosophila, comparatively
little is known of the mammalian chromosome map. A variety
of factors 1is responsible for this situation, for example:

genetic analysis of the chromosome is dependent ‘upon the
phenotypic manifestation of genes, and their observed
segregation through large numbers of meioses - only a minute
proportion of genes compared to the total number of genes in
the mammalian genome have Dbeen obser#ed in phenotypic
segregation studies. Mammals breed slowly and produce
relatively few progeny through which to study meiotiec
recombination; the mammalian genome is considerably larger

than that of Drosophila and mammals do not produce the

polytene chromosomes which have cocordinated the genetic and

physical maps of the Drosophila genome (Brown, 1985).
With the advent of molecular genetics and the use of DNA
Sequences as molecular markers, it 1is possible to

extensively map a mammalian chromosome by observing the

20



segregation of chromosome specific probes through a number
of meioses. This mapping is totally independent of the few
known phenotypic markers, and‘the probes may be derived from
any region of the chromosome, regar&less of sequence
function.

The first successful use of DNA markers for mammalian
chromosome mapping was by Deisseroth et al (Deisseroth et
al, 1977) who used a cDNA probe from the cX globin gene. The
probe was hybridised in solution to somatic cell hybrid DNAs
containing different human chromosomes, and Cot analysis
assigned the genes to human chromosome 16. |

Filter hybridisation using Southern blots (Southern, 1975)
not only improved the sensitivity and specificity of
detecting probe hybridisation to genomic sequences, but also
enabled investigators to make use of genomic restriction
fragment length polymorphisms. In 1980 Botstein et al
(Botstein et al, 1980) proposed a strategy for the
construction of a complete 1linkage map of a mammalian
genome, the human genome, utilising molecular markers.
These probes could be used to detect 'different parental
genomic DNA digestion products from the restriction of their
genomic homologues. The different parental DNA fragments
could then be observed in Mendelian segregation via meilosis,

to progeny. Probe segregation is mapped in the same way as

gene segregation, by classical genetic mapping.

21



Mammalian Chromosome Mapping In Mouse

In constructing a molecular map of a mammalian chromosome,
the mouse has many advantages over other organisms. It is a
well established 1laboratory animal and compared to other
mammals, average litter size (6 - 8 progeny), generation
time and breeding rate (on average 1 litter per 6 weeks)
result in large overall numbers of progeny from individual
crosses. Some laboratory mouse strains are sufficently
inbred (from brother-sister, parent-child matings) to ensure
background genetic homogeneity in the controlled matings
necessary for 1large scale molecular genetic analysis.
However the concommitant use of outbred strains of wild mice
in matings greatly facilitates finding parental restriction
fragment length variation (Robert et al, 1985).

Compared to other mammalé, an outstanding number of genes
(approximately 600, Davisson and Roderick, 1986) have been
positioned in the.mouse genome and the additional molecular
data will greatly augment the existing map. Francke
(Francke, 1980) states that because the mouse is genetically
the best characterised mammal besides man, it is a preferred
species when approaching animal models of human genetic

disorders.

The Mammalian X Chromosome

In mapping human chromosomes the ease of identifying X
linked genes has put the X chromosome well ahead of all
others. The unusual behaviour of this chromosome and, for

example, the early use of X chromosome selection in somatic

22



cell hybrids has meant that in man gene assignments to the X

chromosome have been made disproportionately to its
representation in the genome. This is not so apparent in
the mouse, where the use of large numbers of controlled

matings between defined phenotypes has led to the assignment
of genes throughout the genome. However in constructing a
molecular map of a mammalian chromosome, as a basis for the
further analysis of the genetic and physical nature of the
chromosome, the mouse X chromosome is an excellent subject.
It provides a model system for the behaviour of a
'generalised' mammalian chromosome, but also exhibits unique
and extraordinary genetic and physical phenomena.

The X chromosome is one of two mammalian sex chromosomes. It
segregates and undergoes normal meiosis in females, but in

all somatic cells (after early foetal stages) one of each X

chromosome pair 1is genetically inactive (Lyon, 1961) and
physically condensed throughout interphase. This inactive X
chromosome replicates late with respect to the other

chromosomes (Lyon, 1972).

X chromosome inactivity may vary between species and between
tissues, from being totally random (as in embryonic and
adult tissues of a eutherian mammal such as the mouse,
Lyon, 1961) to being programmed for inactivation of the
paternally-derived X chromosome, (as in certain extra
embryonic tissues of the mouse, Takagi and Saski, 1975, or
in all tissues of marsupials, Cooper, 1971).

In males the X chromosome is hemizygous and for most of its

length it does not undergo recombination in meiosis, when it

23



forms a heterologous pair with the Y chromosome.

In 1964 Ohno and co-workers (Ohno et al, 1964) noticed that
the absolute size of the euchromatic region of the
mammalian X chromosome was strikingly constant in a wide
variety of species. Ohno suggested that the unique features
of the mammalian X chromosome (for example, hemizygous gene
dosage - see below) led to the evolutionary conservation of
an ancestral X linked syntenic group (Ohno, 1967). Ohno's
hypothesis was proposed, stating that any gene locus that is
X 1linked in man should Se X linked in all other mammalian
species.

All data so far examined regarding X 1linkage of genes,

supports Ohno's hypothesis. X 1linked gene 1loci are
conserved between species, and this conservation spans vast
stretches of time. For example, G6pd and Hprt which are X-

linked in mouse and man (and in all other eutherian mammals
so far studied) are X-linked in the red kangaroo (Donald and
Hope, 1981) indicating conservation of X linkage for at
least 130 milliion years - since the time of the marsupial-
eutherian radiation.

Whilst X-linkage appears to be totally conserved, locus
order is only broadly conserved. Between man and mouse (for
example) there have been chromosome rearrangements (see Fig.

1.1.).

24



Figure 1.1. Diagram of proposed homologies between mouse

R -

X chromosome and human X chromosome loci
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Figure 1.1. Diagram of proposed homologies between mouse

X chromosome and human X chromosome loci

The genetic mouse X chromosome map is shown along the X
axis, with an approximate genetic length of 100 cM (Davisson
and Roderick, 1986). The banded human X chromosome and
mapped loci, is shown along the Y axis, with an approximate
genetic length of 260 c¢cM (Drayna et al, 1984); loci on the
human map have been positioned by a variety of methods - see
references.
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Maintenance of X chromosome specificity may be largely due
to gene dosage 1in certain X chromosome coding sequences
which may be detrimental if transcribed in a double dose
from two active cﬁromosomes. Whilst at the level df
chromosome linkage, synteny in the X chromosome is largely
conserved between species, molecular strucfure at the level
of the DNA sequence is not conserved between species. X
chromosome DNA sequence divergence is comparable to that of
autosomal sequences. For example, under conditions
generally used in probe HYBridisation to Southern blots,
most randomly isolated (i.e. generally non-coding) human X
chromosome DNA sequences have not shown any detectable
homology to rodent sequences (Willard, 1983, for example see
Bruns et al, 1982).

A dichotomy exists between the evolution of the X chromosome

as a unique syntenic group and the evolution of X chromosome

DNA sequences; this dicﬁotomy illustrates the different
levels of chromosome evolution and organisation. At one
level of organisation, the molecular sequence level, the X

chromosome is subject to the same evolutionary forces as
autosomes, and its 'response' is similar ¢to autosomes;
almost no difference should be detected between them at this
level. At the level of chromosome linkage, the X chromosome
is also subject to the same forces as the autosomes, but its
evolution has been different from the autosomes, and unique
in the chromosome complement.

At the cytogenetic 1level there is 1limited X chromosome

homology: mammalian X chromosomes can be metacentric (human)
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or acrocentric (mouse), mostly euchromatic (human) or

largely heterochromatic (hamster) (Pathak and Stock, 1974).

The Molecular Map As A Basis For Analysis Of The Genome

A molecular map provides a basis for beginning genetic and
physical analyses of the mammalian chromosome, Each
analysis of the chromosome presents a general problem of
orientation- within the vast genetic and physical distance
spanned by a chromosome, and presents problems specific to
the aim of the individual analysis. The general problem of
orientation may be solved by the mammalian chromosome map.
The particular problems of the individual analysis of
chromosomal DNA sequences may also be resolved or aided
because firstly, localising sequences of interest to a
specific area is the beginning of +the definition and
charaqterisation of these sequences, and secondly because of
the dual genetic and physical nature of the molecular map.
Molecular markers provide access to the DNA because each
marker 1is derived from the DNA, and represents and 1is

available as, a cloned sequence.

Analysis Of Individual Loci

In the analysis of individual loci the use of the molecular
map depends firstly on the genetic nature of the map to
reveal a marker closely linked to a locus of interest, and
secondly on the physical nature of the map to utilise the
marker as a basis for physically defining and analysing the

locus.
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Throughout mammalian genetics the vast majority of known
loci are genes which are defined by a mutation in gross
phenotypic effect, for example genes which exert simple
effects on, eye colour, or coat colour, or single loci which
exert complex effects on a variety of tissues. In a 1large
percentage of cases the molecular structure and function of
the locus of interest is not known. A molecular definition

of a locus 1is important for its integration into the biology

of the whole organism, and in man the molecular definition
has increasing <c¢linical implications; firstly, in the
prenatal diagnosis of @genetic disease; secondly in the

attempt to alleviate +the symptoms of genetic disease;
thirdly in gene therapy, the replacement or alteration of
the host genotype in a proportion of cells.

One of the earliest examples of the use of molecular markers
for the mapping of the mouse genome, was provided by Swan
and colleagues in 1979 (Swan et al, 1979) who wused cDNA
molecular probes in conjunction with mouse-hamster somatic
cell hybrids to give a chromosomal assignment to the
immunoglobulin A light chain genes.

In man, an example of the importance of the molecular
definition of a locus was provided by Kan and Dozy in 1978
(Kan and Dozy, 1978), who performed the first prenatal
diagnosis of a genetic disease utilising a closely 1linked
probe. Thé probe mapped to a Hpa I site approximately'S kb
from the/9 globin gene, which in the pedigree examined was
polymorphic between normal and sickle <cell phenotypes.

However Jor prenatal diagnosis, idezlly there should be no
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possibility of recombination between the probe and the
mutant allele. This is the case first reported by Geever et
al in 1981 (Geever et al, 1981) where a Dde 1 recognition
site was altered as a result of the sickle cell mutatién in
the /& globin gene.

The probes ysed by Swan et al, Kan and Dozy, and Geever et
al were all derived from cDNAj; in 1982 the first 1linkage
between a random DNA marker and a known mammalian genetic
locus was reported - Murray et al (Murray et al, 1982)
established 1linkage between a human X chromosome specific
single copy DNA sequence (polymorphic at a Tag 1 site) and
the Duchenne muscular dystrophy 1locus.

Using genomic DNA probes and linkage studies to position
genes to a chromosome is particularly important for loeci in
which the exact product cannot be determined - in either the
normal or mutant form. This is particularly relevant to
most human genetic diseases that have no distinguishable
phenotype in cultured cells and cannot be localised by
hybrid cell mapping (White et al, 1985) for example,
Huntington's chorea (Gusella et al, 1983) or cystic fibrosis
(Wainwright et al, 1985).

Molecular maps of the mammalian chromosome have a genetic
form and a physical form. The genetic form is a 1linear
array of segregating sequences. The physical form is a
linear ar}ay of cloned sequences which g;ve access to the

DNA in the genome. The physical power of finding a probe

which is closely linked to a locus of known phenotype, but
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unknown gene product is demonstrated on the human X
chromosome by Royer-Pokara et al (Royer-Pokara et al, 1986).
They used a strategy based on molecular mapping data for the
genetic and physical analysis of the locus responsible for X
linked chronic granulomatous disease. Deletion data and
linkage analysis wutilising genomic X chromosome specific
probes (Baehner et al, 1986) had mapped the gene locus to a
specific region of the human X chromosome, and X chromosome
specific probes derived from a chromosome walk in this
region were analysed for mRNA transcripts. An mRNA
transcript of the gene responsible for chronic granulomatous
disease was discovered. Neither the protein encoded by this
transcript nor the ¢cDNA revealed any significant homology to
known sequences.

This is the first example in mammals of the cloning of a
gene that had been identified and characterised
phenotypically but whose protein product was unknown. The
use of molecular markers initially to establish linkage and

to map the locus, and then to physically approach the gene

was the basis of the cloning strategy.

Unigue Analyses Of X Chromosome Genes

One type of analysis aimed at the cloning of genes and based
on the mammalian chromosome map 1s largely confined to the X
chromosome. The conservation of X chromosome loci between
species, (specifically referred to in Ohno's hypothesis)
means that molecular analysis of the mouse X chromosome has

implications for the human X chromosome. In 1984 out of 29
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loci positioned on the mouse X chromosome (Roderick and
Davisson, 1984), 12 had documented homologues in man (Buckle
et al, 1984).

For example, six X-linked muscular dystrophies have been
described in man, (McKusick, 1984) and of these the Duchenne
muscular dystrophy 1locus, the Becker muscular dystrophy
locus and the Emery Dreifuss muscular dystrophy locus have
been assigned to Xp21, Xp21 and Xq28 respectively. Duchenne
muscular dystrophy is the most common of all (X linked and
autosomal) muscular dystrophies, occuring with a frequency
of up to a 1 birth per 5000 new born males (Murray et al,
1982). Becker muscular dystrophy may be allelic to Duchenne
muscular dystrophy. A1l three mapped X 1linked muscular
dystrophy loci have been assigned to specific regions of the
human X chromosome by linkage analysis, but the gene product
of all three is unknown.

In 1984 Bulfield et al, (Bulfield et al, 1984) described a
spontaneous mutation arising in an inbred C57B1/10 mouse
colony that was an X chromosome linked muscular dystrophy
(mdx). If Ohno's hypothesis is correct for this locus, then
mdx is probably the homologue of one of the human X 1linked
muscular dystrophies. On the basis of several common
histopathological features, it has been suggested that mdx

may be homologous to the Duchenne muscular dystrophy 1locus

(DMD). These features include high serum levels of muscle
enzymes, (for example, creatinine kinase, pyruvate kinase),
degeneration of certain muscle fibres, proliferation of

phagoecytic cells in place of lost fibres and considerable
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variation in muscle fibre size due to enlargement of some
fibres and atrophy of others.

If a molecular probe derived from coding DNA was available
for the mdx locus it is very likely that the probe would
cross-hybridise at low stringency to human DNA. Mapping the
probe to the human X chromosome would provide information
about the comparative positions of genes on the human and
mouse X chromosomes, and would also provide access to a
" human locus 1likely to be involved in one of the known
muscular dystrophies. A molecular probe would facilitate
cloning of the gene at the human dystrophy locus.

A gene specifically described on the mouse X chromosome 1is
that at the Xce locus (Cattanach et al, 1971). This 1locus
exerts an effect on X chromosome inactivation - different
alleles alter the 1likelihood of 1inactivation of their
chromosome (Rastan and Cattanach, 1983). Xce is defined by
gross phenotypic effect, and has been mapped to a specific
position on the mouse X chromosome. This locus is probably
involved in chromosome inactivation, and may operate via
chromosome condensation.

This 1important gene is uncharacterised, but the first step
towards characterisation - mapping - has been made. Finding
a closely linked molecular probe, for chromosome walking or
jumping into the immediate region of the gene would be the
next step.

One aspect of Xce locus function 1is recognition -

recognition of the female XX and the male XY state,
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recognition of the second Xce locus in a female cell,
recognition in certain species and tissues of the paternally
derived X chromosome. A mechanism of recognition between
chromosomes, 'imprinting' of the chromosome, is implied from
the functioning of the Xce locus and from data regarding the
necessity of both the maternal and paternal contribution to
a zygote to produce a fully viable organism (Anderegg and
Markert, 1986).

The reason for imprinting and the mechanism of imprinting
are absolutely unknown, but a molecular analysis of the Xce

locus would probably help to explain this phenomenon.

Gene Expression

As well as identifying and characterising genes, molecular
maps have been wuseful for examining the control of gene
expression. For example, Menkes' disease, is an X linked

disorder of copper metabolism with a homologue at the

Mottled locus on the mouse X chromosome. The disease alters
either metallothionein protein structure (Chan et al, 1978)
or biosynthesis (Riordan and Jolicoeur-Paquet, 1982), and

the metallothionein locus was therefore assumed to be X

linked.
However Schmidt et al (Schmidt et al, 1984) hybridised cDNA

metallothionein probes to various cell hybrids and mapped

the human metallothionein sequences (including a processed

pseudogene) to at least five autosomes; no metallothionein
sequences were on the X chromosome, and in mouse
metallothionein sequences are also autosomal. Therefore
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metallothionein gene expression appears to be controlled in
some way by an X linked transacting factor. Subsequently
the tyrosine aminotransferase gene on mouse chromosome 8 was
found to be affected by a transacting factor from the albino
locus on mouse chromosome 7 (Muller et al, 1985).

These two cases have provided some of the earliest data on
the control of eukaryotic gene expression in trans, and
could have only been detected by the application of
molecular mapping to specific genes.

Molecular markers derived from sequences which would not be
present in c¢DNA libraries are necessary adjuncts to studying
the control of gene expression in even well characterised
genes; for example, most/e thalassaemia mutations do not
occur 1in coding sequences - there often appears to be a
defect in transcriptional regulation or RNA processing
(White, 1985) ; Lesh-Nyan disease results from HPRT
deficiency, but it is known that this is seldom due to a
'lack of HPRT mRNA (Newmark, 1984).

Molecular markers may also provide information regarding
gene regulation and position effects, for example,

cytogenetic data has shown that for some cases of Burkitt

Lymphoma in man, part of chromosome 8 is translocated to
chromosome 14, Molecular mapping data has shown this
chromosonme translocation aligns c-myc sequences on

chromosome 8, with V (immunoglobulin variable region of the

H
heavy chain) sequences on chromosome 14. This may result in
activation of c¢-myc sequences, ultimately resulting in

Burkitt lymphoma (Dalla-Favera et al, 1982).
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Molecular mapping has defined this chromosome translocation
at a molecular level, and has indicated from information
regarding gene. position the nature of the aberrant gene
control which probably results in oncogenesis.

In the above cases molecular probes have been used to study
individual examples of control of gene expression; probes
may also be used to look at broad mechanisms of control.

For example, Cullen et al (Cullen et al, 1986) used selected

restriction enzymes sensitive and insensitive to DNA
methylation along with molecular markers mapped to, and
derived from, gene sequences, to study methylation in

relation to X chromosome inactivation and gene dosage. Using
probe hybridisation to Southern blots of restricted male and
female DNA samples they concluded that methylation probably
does not have a role in the dosage compensation of tissue
specific genes (unlike house keeping genes) but suggest that
differences in DNA methylation related to X chromosome
dosage compensation may be maintained regionally, ana
limited to areas with localised high concentration of CpG

dinucleotides (see on).

The Physical Chromosome

The Organisation Of Gene Sequences

As well as providing information about the genic content of
the chromésome, the physical nature of the mammalian
chromosome may also be examined through molecular markers
and the chromosome map. Molecular markers pro&ide access to

the different 1levels of chromosome organisation and very
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little is known of the long range or short range
organisation of the components of the mammalian chromosome.
Classical genetic mapping based on gene phenotype has mapped
too few genes, too loosely to be able to extrapolate
information about, for example, the arrangement of genic and
non—genic sequences. However, molecular analysis of the
chromosome facilitates the delineation of chromosome
organisation.

Examples of the use of molecular markers for this purpose
were demonstrated by Bernardi and co-workers {(Bernardi et
al, 1985) and Brown and Bird (Brown and Bird, 1986).
Bernardi and colleagues separated unrestricted mouse nuclear
DNA from warm blooded vertibrates, including mouse, by
density gradient centrifugation. The DNA formed into four
major components and several satellite and minor fsuch as
ribosomal DNA) components. The major components generally
included two 1light fractions and two (or three) heavy
fractions. Using molecular probes Bernardi et al studied
the distribution of genes, families of interspersed repeats
and integrated viral sequences within the major components.
Having observed this distribution a correlation was made
between distribution, base composition and codon wusage for
the sequences.

Molecular probe hybridisation data revealed that the
distribution of the three observed species is non-uniform
within the genome. Gene sequences are preferentially

distributed in the heavy DNA components (i.e. high GC
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content). Families of interspersed repeat sequences, and
integrated viral sequences tend to be located in the major
components, but each repeat family or group of viruses 1is
only located within one major component - for example mouse
mammary tumor virus sequences were almost all found in one
of the light components of the mouse genome.

In the heavy components Bernardi et al observed a higher GC

content in. exons, compared to their introns and surrounding
heavy component environment, and a different codon usage
between simliar genes in different components. For example

the <cardiac and skeletal mouse < actin genes are located in
light and heavy components respectively. They differ by 8 %
and 16 % in overall and third position GC content but the
protein products show only a 1 % difference in amino acids.
Bernardi et al conclude that the genome is compartmentalised
into heavy and light 'isochores' of approximately 200 kb,
and the c¢codon usage of genes depends on the GC content of
their isochores. 'Compositional compartmentalisation' by
isochores appears to be an integral feature of chromosome
structure.

Brown and Bird (Brown and Bird, 1986) used pulse field
gradient gel =electrophoresis to map cleavable sites for
'rare cutter' restriction enzymes. These enzymes generally
recognise a 6 bp sequence composed entirely of CG
dinucleotides, including 1 or more CpG dinucleotides which
are rare in mammalian genomes. - Brown and Bird predicted
that cleavable =sites for these methylation sensitive

restriction enzymes would not be randomly distributed but
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would be concentrated in stretches of genomic DNA called HTF
islands (which span 0.5 - 2 kb).
HTF islands (Bird et al, 1985) were discovered from the

cleavage of whole genome mouse DNA by Hpa II, which

recognises CCGG (non methylated). About 1 % of the

mouse genome is cleaved by Hpa ITI to give a discrete

fraction and of this roughly 20 % is derived from ribosomal
DNA. Genomic mapping using molecular probes derived from
three non-ribosomal fragments showed that the fragments were

derived from islands (Hpa II Tiny Fragment islands) within

which Hpa II sites were highly concentrated.

The prediction by Brown and Bird was made because HTF
islands are distinet from the bulk of whole genome DNA by
being 65 % CG and unmethylated. The prediction was
confirmed by the pulse field gel electrophoresis of rare
cutter restricted genomes and observation of DNA fragment
distribution, and by molecular probes derived from islands
isolated at random from genomic DNA and from the
dehydrofolate reductase gene which were utilised for the
restriction mapping of HTF islands.

Molecﬁlar probes have shown these islands are associated
with genes, mainly house keeping genes rather than genes
expressed exclusively in one or a few tissues (Bird, 1986).
The work of Bernardi's group and Brown and Bird has utilised
molecular probes from genes positioned on the chromosome
molecular map to confirm that the distribution of gene
sequences through the genome is non-random and is subject to

an underlying organisation.
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The Organisation Of Repeat Sequence DNA

Bernardi et al looked mainly at genic sequences, but also
used molecular probes to report the non-random distribution
of repeat sequences in different major isochores in mouse
and other vertibrates.

Molecular probes derived from repeat sequences can be used
to give a more specific positioning of repeat sequences
within the 'genome. An example of the molecular
investigation of a repeat sequence is provided by the Bkm
sequence.

Bkm is a satellite DNA sequence which was first 1isolated
from the female banded krait (Jones and Singh, 1981a), which
is the heterogametic sex (ZW). Molecular probes derived
from Bkm sequences were mapped by in situ hybridisation and
were found to be largely concentrated on the W chromosome.

Bkm hybridises to a wide variety of species, concentrating

to varying degrees on the sex chromosomes. In Mus musculus

Bkm sequences are male specific and have been mapped mainly
to the Y chromosome (Jones and Singh, 1981b).

This faculty of Bkm sequences was used by Singh and Jones
(Singh and Jones, 1982) to delineate the nature of the sex-
reversal mutation, Sxr (Cattanach et al, 1971) in mouse.
Sxr appeared to Dbe an autosomal dominant trait, but
considerable gene linkage analysis (Cattanach, Pers. comm.)
failed to position the mutation. In 1982, Singh and Jones,
having observed that Bkm sequences map mainly to a
paracentric region of the mouse Y chromosome, hybridised Bkm

molecular probes to chromosomes from normal males and
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females, and sex-reversed females (XX ) and Sxr carrier
males (XY ). The re;ulting data gaszrinformation about
the Sxr izzation and the testis determining gene(s) in
mouse.

Firstly, sex reversal of females was found to be due to a
transfer of sequences from the telomere of the Y chromosome
onto the -telomere of the X chromosome. These sequences
contained the testis determining gene(s) because they
produced the male phenotype in an otherwise XX female
karyotype. Secondly, ﬁp until that time‘the location of the
testis determining gene(s) in mouse was unknown, but data
from Bkm in normal XY male mice indicated it was located 1in
the paracentric region of the Y chromosome. Thirdly, the
above data and data from XY carrier males indicated that

Sxr
the Sxr mutation was due to a duplication of the testis

determining region, the duplicate copy being present at the
Y chromosome telomere.

Bkm sequences are one of'many repeat sequence families.
These families be high or low copy, localised or
interspersed, transecribed or non-coding, but in few cases
are their specific characteristies or their funetion, if
any, known. ~ Molecular probes can be used to map and
investigate these otherwise inaccessible sequences, giving
data on organisation, structure, function and evolution of

what makes up the majority of the mammalian genome.
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The Genetic-Physical Relationship

Molecular maps have been used to define +the chromosomne
through the genetic mapbing of markers along the chromosome
(the molecular genetic map) and through the physical mapping
of markers to the banded chromosome (the molecular physical
map). These two forms of molecular map may be wused to
examine the relationship between the genetic and physical
manifestations of the chromosome.

The genetic map of the chromosome is based on observing
meiotic recombination events. If recombination occurs with
an equal likelihood throughout the genome, the genetic map
will simply parallel the physical map. However, if
recombination events are preferentially located, there will
be disparity between the genetic and physical maps.

Genetic maps show only a small fraction of genes in the
genome, but enough genes have been mapped in the mouse
genome to overcome errors due to sample size, when 1looking
at gene distribution. The genes that have been mapped should
be randomly selected and should be located throughout
individual mouse chromosomes, (and should not be
preferentially chosen from any physical region). If this is
the case, then if crossing-over is randomly located, the
genes should appear with a random and equal distribution
throughout the chromosome. However, 1if crossing-over is
not randoﬁly located but occurs preferentially in certain
locations, then genes will be widely spaced on the genetic
map in regions of high recombination and genes will be

closely linked in regions of little or no recombination.
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Lyon (1976) studied the genetic map of the mouse genome and
concluded that the distribution of genes on the mouse X
chromosome (and chromosomes 2, 4, 5, 6, 7, 10, 11, 15 and
17) differed significantly from a Poisson distribution, and
indicated a non~random distribution of genes (given the two
initial parameters - the random selection of genes and the
random location of crossover events).

This observation may be due to a number of factors - for
example, true inhibition or facilitation of recombination at
certain regions, or initiation of chiasmata at preferential
points on a chromosome, with inhibition of recombination in
surrounding regions as a consequence of the initial
recombination event. However the assumption of a random
distribution of genes is unproven and the second possibility
exists, that gene clustering truly reflects the physical
chromosome, recombination being a chance event with a random

distribution.

In looking at the level of the whole genone, it has also
been shown that there are differences in overall
recombination values between the sexes. In general,

recombination fractions from males are lower than those from
females, but there are specific exceptions -~ such as in
mouse chromosome 15 in the region of caracul gene (a region
of tight glustering) where recombination values are higher
in males than females (Wallace and Mallyon, 1972).

Molecular markers have been used in making observations

across localised regions of a chromosone, (rather than the
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whole chromosome). These probes (often derived from random
DNA sequences) show that in defined areas of the chromosome
meiotic recombination does not occur at random. There are
are areas of recombination suppression and of abnormally
high recombination (recombination hot spots).

An example of recombination suppression spanning up to one
third of a chromosome is provided by the t-complex on mouse
chromosome - 17; the nature of the tt-complex and its
recombination suppression is being elucidated through the
use of molecular probes.

When a t-complex haplotype is heterozygous with a wild type
mouse chromosome 17, crossover suppression occurs between
this region on the two chromosomes (Lyon et al, 1979).
Recombination studies wutilising molecular probes (derived
from the microcloning of the physical region corresponding
the the t-complex, from a wild type mouse chromosome (Rohme
et al, 1984)) support the hypothesis that partial ¢t-
haplotypes suppress recombination in proportion to the
extent of t-haplotype DNA that they contain (Fox et al,
1985). This may be due to reduced recombination or
inviability of crossover products. Partial t-haplotypes are
derived from rare wild type =~ t-complex recombination
events.

t-complex <crossover suppression is known to be a result of
rearrangements between wild type and t-complex DNA (there is
no recombination suppression in t-complex homozygotes),
(Silver and Artzt, 1981). Shin et al (Shin et al, 1983)

used molecular probes from the major histocompatibility
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genes in the t-complex to show that these genes had taken
part in a distal inversion compared to the wild type

chromosome, which would account for non-homology of these

sequences with the wild type chromosome. In 1986 Herrmann
and colleagues used the markers derived from the
microdissection of the t-compliex to demonstrate the

existence of a second inversion, within the proximal portion
of the t-complex. The two described inversions are non-
overlapping but encompass most of the DNA in the t-complex
(Herrmann et al, 1986). The DNA rearrangement resulting
from these two inversions appears to result in the massive
reduction in recombination that occurs between the t-
haplotype and the wild type chromosome.

Molecular evidence for a recombination hot spot is provided
from the major histocompatibility complex (MHC) of mouse.
Molecular maps thaf are available for large portions of the
major‘ histocompatibility complex are not congruent with the
available —classical gqutié'ﬁaps, which have been derived
from recombination frequencies between marker loci {Uematsu
et al, 1986). Meiotic recombination In the MHC is not

random, but occurs with a high frequency at certain hot

spots which wvary dramatically in activity. For example,
Uematsu et al, cloned (and sequenced) a hot spot from Mus
musculus castaneous between the Agjzand Aﬁl genes. Five

recombination Vbreak points were Jocalised to this 3.5 kb
stretch of DNA, and the frequency of recombination in this

area is considerably greater than the average frequency per
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unit length for the whole mouse gendme. Meiotie
recombination hot spots may possibly maintain polymorphism
at MHC loci and be advantageous to the organism.

Molecular proﬁes have been used to indicate the non-
uniformity of meiotic recombination over small regions in
the mouse genome, which will alter the genetic map in
relation to the physical map of these regions.

Molecular -‘probes may be wused directly to analyse the
genetic-physical relationship because of their genetic-
physical nature. Until the use of molecular probes, little
datawvere available on the thsical position of genetic 1loci.
These data were derived for example from the genetic mapping
of rare translocation breakpoints which could also be
positioned cytogenetically (Russell, 1983). 11 trans-
location break points have so far been mapped to the mouse X
chrompsome and these are not co-linear between the genetic
and physical maps (Fig. 1.2.).

Molecular probes may be mapped genetically through 1linkage
data, or physically for example by in situ hybridisation
(Dautigay et al, 1986). The genetic and physical position
of a specific probe may be compared. The use of pulse field
gel electrophoresis (Brown and Bird, 1986) will also
facilitate the physical mapping of probes over vast physical

distances, corresponding to resolvable genetic distances of

up to a cM.
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Figure 1.2, Diagram of mouse X chromosome:autosome

translocations (Searle and Beechey, 1981)

Schematic representation of the genetic and physical mouse X

chromosome.
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Direct physical and genetic analysis of molecular probes and
the chromosome map have been used very successfully for an
investigation of the X chromosome and its unique meiotic
behaviour in males.

Rouyer et al (Rouyer et al, 1986) followed the genetic

segregation through male meiosis to progeny, of three probes
polymorphic between male parental X and Y chromosomes, known
from physical data to map to the distal short arms of the
human X and Y chromosomes. Segregation data revealed a

gradient of linkage - recombination per unit of physical

length appears to increase towards the telomere of Xp and

Yp, culminating in a recombination fraction of 50 % at the
tip of the telomere, in male meiosis. Telomeric sex-
chromosome specific probes appear to be 'pseudoautosomal'
and physical data (i), confirms that a probe 1is sex
chromosome specifiec prior to 1linkage studies, (ii),

indicétes the physical position of the probes towards the
telomere where genetic mapping indicates vast distances with
recombination per unit of physical length increasing towards
the telomere. |

Physical data on the positioning of molecular markers
provides an insight not only into the positions of abnormal
recombination, but may also help to elucidate the exact
correspondance between highly extended interphase
chromosomes and highly condensed metaphase chromosomes. The
packaging of DNA between chromosome types and between bands

remains to be elucidated.
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Figure 1.3. Diagram of synapsis between translocated and

non-translocated chromosomes, according to Ashley (Pers.

comm.) (G-banded chromosomes)
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Where translocation breakpoints occur in light bands,
homologous synapsis only occurs (bracketed regions),

with no suppression of recombination

Where translocation breakpoints occur in dark bands, non-
homologous synapsis occurs (bracketed region), with
recombination suppression
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There appears to be a possible association of chromosome
banding with translocation breakpoints and recombination;
this association should be analysed at the molecular 1level.
Ashley (Pers. comm.) observes that in mouse X:autosome
translocations, if the translocation breakpoint occurs in a
light band, (giemsa staining® there is synapsis Dbetween
homologous chromosome regions (see Fig. 1.3.) presumably
with normal meijotic recombination. However, if the
breakpoint 1lies in a dark band non-homologous chromosomes
pair, and it is assumed that crossing-over is suppressed.
Positioned molecular markers could be used to investigate

the extent of recombination suppression.

Molecular Markers And Evolution

Molecular maps have significant contributions to make to the
investigation of wvarious aspects of the evolution of the
genome .

At the level of the individual chromosome it has Dbeen
observed by Bennett et al using mapped molecular markers

{Bennett t al, 1986) that extremely large differences in

recombination exist between the sexes of the marsupial

Sminthopsis crassicaudata, with much closer linkage occuring

in females. If the X chromosome of this animal wundergoes
little or no meiotic recombination 1in male or female
meiosis, then it is being inherited as an essentially
haploid chromosome. Molecular probes would analyse the
result of this novel form of chromosome evolution.

At the level of mapped individual loci, genic and non-genic,
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molecular maps can, for example, yield data oh the fluidity
of loeci on the chromosome, or be used for delineating
chromosome lingages.

In observing individual loci and the non-random distribution
of crossing-over in the mouse genome, Lyon (Lyon, 1976)
states that consigning recombination to certain regions of
the chromosome may have evolutionary significance as this
would favour +the development of blocks of syntenic genes
that are relatively undisturbed by crossing-over.
Comparative molecular mapping between species has been used
to provide data of the evolution of the human Y chromosome.
For example, Page and colleagues, (Page et al, 1982) mapped
a molecular marker, DXYSIT, to loci on the long arm of the
human X chromosome and the short arm of the human Y
chromosome. This data would appear to correlate with Ohno's
suggestion that the sex chromosomes are derived from an
ancestral pair. Therefore if the X and Y loci represent a
region of ancient homology these sequences should be.present
on both X and Y chromosomes in all the great apes. However,
it 4is possible these homologous sequences could be the
result of a modern event, such as a transposition between
sex chromosomes which has occured since, for example, man
diverged from chimpanzees.

Page and co-workers examined DNA from chimpanzee, gorilla,
orangutan " and man (Page et al, 1984), and found the locus
was only present on the X chromosomes of the great apes,

therefore the X-Y homology at the human locus appears to be

of recent origin.
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There was less divergence between DXYS1 X and Y chromosome
sequences than the divergence of the human genome from that
of its closest relative, the chimpanzee - this 1is consistent
with this suggestion of a recent transposition from X to Y
chromosomes.

A similar observation of sequences of recent evolutionary
origin has been made as a result of molecular mapping in the
mouse, where up to 3 % of the Y chromdsome is related to
retroviral sequences not present on the X chromosome
(Phillips et al, 1982).

Comparisons of the X chromosome genetic map of mouse and man
(Fig. 1.1.) also show examples of large movements of DNA and
relative divergence in chromosome organisation, despite the
fact that in terms of linkage, the X chromosome is the most
conserved of all mammalian chromosomes.

At the level of individual sequences, molecular maps give
new insights into the derivation of chromosome component
sequences. For example, one of the first uses of molecular
probes 1in mouse was to map the mouse globin genes. The
molecular hybridisation of the globin c¢cDNA probes resulted
in the detection of more genes than had been expected, and
so the first mouse pseudogenes were described (Proudfoot,
1980). Phenotypic studies had given no indication of the
existence of pseudogenes.

Vanin (Vanin et al, 1980) detected by molecular mapping a
pseudogene related to the mouse « globin locus. Subsequent

sequence analysis identified several additions and deletions
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to the gene, from 1 - 12 bp in length, which prevent the
production of a functional a(globin polypepetide (due to in-
phase termination codons). This gene also lacks the two
introns normally found in the functional « globin gene.

The discovery of pseudogenes and gene families from the use
of molecular markers and molecular maps, has led to

different theories regarding genome evolution and how these

sequences arose. For example, the intronless pseudogene
arose from either: (i) precise excision of the intron DNA,
which had been present in an ancestral gene; (ii) from an

insertion of an x:globin reverse transcript into the genomic
DNA; (iii) from an ancestral duplication event from an
intronless ancestral gene - the duplication failed ¢to
receive the promotor sequences so with no phenotypic
selection pressure it was allowed to drift and diverge.
However pseudogenes arose, in their current form they are
'no more than relics of evolution'. Proudfoot (Proudfoot,
1980) has estimated that one in four (mammalian) genes may

be pseudogenes and that 'one quarter of our genes may Dbe

dead’'.
Until the use of molecular probes, pseudogenes were an
unknown aspect of chromosomal organisation and gene

evolution. The detailed study of the DNA by these probes
has generated a variety of hypotheses concerning the
mechanisms of sequence evolution - such as gene duplication
or the incorporation of reverse transcripts into the genome.
The individual mechanisms have wider implications concerning

the overall pattern of chromosome evolution involving, for

53



example molecular drive (Dover, 1982), or selfish DNA (Ford

Doolittle and Sapienza, 1980, Orgel and Crick, 1980).

The Current State Of The Molecular Map

To be useful a map must fulfil certain criteria. It must
have defined orientation points which are recognisable and
distinct, and have direction and order. These orientation
points must be sufficiently dense for an appropriate
resolution of the features of the chromosome.

The mammalian molecular map fulfils the c¢riteria but also
has one outstanding feature, which transcends the genetic
map of the chromosome - it provides access to the DNA
because the orientation points are cloned DNA sequences.

A molecular map of the mouse X chromosome is the basis for
an investigation of the genome.

Molecular chromosome maps have been responsible for insights
into the structure, organisation, functioning and evolution
of mammalian chromosomes. As a result the mechanisms
underlying complex biological phenomena are being

elucidated.
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2. Materials and Methods

2.1. Materials

2.1.1. Chemicals

All chemicals used were Analar grade supplied by British
Drug Houses (BDH), Poole, U.K. with the exception of:

ethanol - James Burroughs Ltd., London, U.K.; phenol -
Rathburn Chemicals Ltd., Walkersburn, U.K.; dithiothreitol
(DTT), ethidium bromide, sodium chloride, spermidine, triﬁma

base (TRIS) - Sigma Chemical Co., St. Louis, Mo., U.S.A.

2.1.2. Tissue Culture Reagents
Heparin was supplied by Pains and Byrne ULtd., Greenford,
U.K. One unit of heparin is defined as the quantity which

will prevent 1 ml of citrate of sheep plasma from <clotting

for 1 hour after the addition of 0.2 ml of 1 % (w/v) calcium

chloride solution. RPMI 1640 was from Flow Laboratories
Ltd., Irvine, U.K. Heat 1inactivated foetal calf serum,
glutamine, peniecillin, streptomycin, and colcemid were from

Gibco Ltd., Paisley,' U.K. One unit of penicillin is the
equivalent of 0.6 ug penicillin. Concanavalin A was provided
by P. H. Glenister of M.R.C. Radiobiology Unit, Harwell.

Tissue culture dishes were from Nunc, Roskilde, Denmark.

2.1.3. Microdissection Equipment

The microscope and the microforge were supplied by Micro
Instruments (Oxford) Ltd., Oxford, U.K. The de Fonbrunne
Micromanipulator was supplied by Bachofer Laboratorium,

Reutlingen, F.R.G. 0il chambers were from Bischoff
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Glastechnik, Bretten, F.R.G. Cover slips were from AB Term-
oglas, Goetenborg, Sweden. Spectroscopic grade paraffin oil

(Merck no. 7161) was from E. Merck, Darmstadt, F.R.G.

2.1.4. Bacteriological Materials

Tryptone, yeast extract, and agar were supplied by Difco
Labs., Detroit, Mi., U.S.A. Ampicillin was from Sigma. All
plastic vessels including 90 mm petri dishes were from

Sterilin Ltd., Teddington, U.K.

2.1.5. In vitro Packaging Kits

A in wvitro packaging kits were supplied by Amersham

International, Amersham, U.K.

2.1.6. Bacterial Strains, Lambda Strains And Plasmid

Vectors

Escherichia coli strains C600hf1150 and SM32 were for use

with the vector Agtl10. Plasmids were grown in E. coli
strains WT217 and DH1. Genotypes are as follows:

C600hf1150 : F- hsdR- hsdM+ thi 1leuB6 lacY?1 supE4LY <thr-1

tonA21 hflA150 (Young and Davis, 1983)

SM32 : F- gal SA500 his pyrD lon A100sull strA
(Mizusawa and Ward, 1982)

WT217 : F- hsaR recA56 leu lacx74 galU ara falK rps1
Tc (derived from MC1061, Casadaban and Cohen,

1980)

DH1 : F- hsdR17(rk-,mk-) recAl thi-1 supE4l4 endA1l

gyrhA96 (Meselson and Yuan, 1968; Low, 1968;

Maniatis et al, 1982)

56



o
Bacteriophage MAgt10 (Huynh, 1985) has the genotype LsrIL1
o + o o)
b527 srIL3 immi34 (srI434% ) srIL4 srIL5 . The th10 stock

was prepared by J.S. Cavanna. Wild type A DNA was supplied
by Bethesda Research Laboratories (BRL), Cambridge, U.K.
Microclones were subcloned into the plasmid vectors pSP6Y
(Melton et al,1984) (provided by G. Bates) and pGem-U4
(Promega Biotec, 1985) (bought from Promega Biotec,
Maddison, Wi., U.S.A.). Both plasmids are derived from
pBR322, have an ampicillin resistance gene and a polylinker

with a unique Eco R1 site.

2.1.7. Enzymes

For all restriction enzymes used one unit is defined as the
amount of restriction enzyme which cuts 1 ug A DNA to
completion in one hour at 3700 under manufacturers' assay
conditions.

Restriction enzymes: Eco R1 (200 U/ul) was supplied by

Cambridge Biotechnology Labs., London, U.K. Eco R1 (25

U/ul) and all other restriction enzymes were from Anglian
Biotechnology Ltd., Caterham, U.K.

Other enzymes: deoxyribonuclease 1 (DNAse), ribonuclease A
(RNAse A) and proteinase K were from Sigma. T4 DNA 1ligase
was from New England Biolabs, Beverly, Ma., U.S.A. One unit
of T4 DNA ligase is defined as the amount of enzyme which
gives 50 % ligation of Hind III digested fragments of A DNA
in 30 mins at 16OC in 20 ul at a 5' termini concentration of

0.12 mM (approximately 330 ug/ml). Klenow fragment (DNA

polymerase I large fragment - 'Klenow') was from Anglian
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Biotechnology. One wunit of Klenow is defined as the amount
of enzyme activity that incorporates 10 mM of total
nucleotide into an acid precipitatable form in 30 mins at
370C. Calf Intestinal Phosphatase was from Boehringer
Mannheim, Lewes, U.K. One unit of calf intestinal
phosphatase is defined as the amount of enzyme activity that
hydrolyses 1 uM of 4-nitrophenyl-phosphate in 1 min at 37OC
in 1 M diethanolamine buffer, 10mM 4- nitrophenyl-phosphate,
0.25 mM magnesium chloride, pH 9.8.

Enzyme grade bovine serum albumin (BSA) was supplied by BRL.

2.1.8. DNA Samples

gX174 (RF fragment) DNA and wild type X were from BRL. Cell

line DNAs were sent by Dr. P. D'Eustachio and Dr. F. Ruddle.

2.1.9. Materials For Chromatography, Electrophoresis,

Southern Blots And Hybridisations

Agarose and low melting point agarose were from BRL. Nylon

blotting membrane, "Hybond", was from Amersham. Sephadex G-
50 and ficoll 400 were from Pharmacia AB, Uppsala, Sweden.
Polymer wool was from Interpet Ltd., Dorking, U.K.

Bromophenol blue, bovine serum albumin (Fraction V), dextran

sulphate and polyvinyl-pyrrolidone were from Sigma.

2.1.10. Materials For Radiolabelling Nucleic Acids

Radionucleotides were supplied by Amershan, all other

nucleotides were from Pharmacia.

2.1.11. Photography And Autoradiography

Chromosomes were photographed with a Reichart polyvar micro-
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scope with a 10 x eyepeice, 100 x objective and an automatic
camera, all supplied by Reichart-Jung, Vienna, Austria.

Polaroid PolaPan 4 ¥ 5 Land Film was supplied by Polaroid
Ltd., St. Albans, U.K. XAR-5 Film was from Eastman Kodak,
Rochester, N.Y., U.S.A. Phenisol developer and Hypam fixer
were from Ilford Ltd., Mobberley, U.K. The UV trans-

illuminator was from UV Products, San Gabriel, Ca., U.S.A.

2.1.12. Mouse Stocks

CD strain mice were provided by Dr. H. Winking, Lubeck,

F.R.G. Mus spretus were from Dr. R. Nash, London U.K. and

Dr. G. Bulfield, Edinburgh, U.K. All other mice came from

M.R.C. Genetics Unit, Harwell, U.K.

2.2. Methods

2.2.1. Tissue Culture And Preparation O0f Metaphase Spreads

Tissue Culture - Lymphocyte Culture

With the minimum size breeding colony available (2 members)
of small mice (average CD adult mouse weight is 15 - 20 g)
orbital sinus bleeding (Breckon and Goy, 1979) was the most
appropriate method of obtaining a supply of CD mouse
lymphocytes. This method yielded at least the minimum 0.4
ml blood found to be necessary for an effective 1lymphocyte
culture, with 1little risk to the animal.

A mouse was anaesthetised with diethyl ether and the skin
surrounding the eye was pulled taut | causing the eye to
bulge out. A capillary tube was gently inserted under the

lower eyelid, towards the back of the orbit, dislodging the
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eyeball and entering a blood filled sinus at the back of the
eye; blood flowed freely into the tube. Capillary tubes
were washed through with heparin before bleeding (1000 U/ml
heparin). Heparin without bacteriocide was used because the
additives affect mouse lymphocyte cultures (P.H. Glenister,
Pers. comm.). Blood from one animal was collected in 5 ml
wash medium (RPMI 1640 x 1, 50 U/ml heparin, 150 U/ml
penicillin, 150 ug/ml streptomycin). After centrifugation
(1000 x g, room temperature, 10 mins) cells were resuspended
in 5 ml fresh wash medium and centrifuged again (same
conditions). Cells were then resuspended in 5 ml complete
medium (RPMI 1640 x 1, 50 U/ml heparin, 100 U/ml penicillin,
100 ug/ml streptomycin, 17 % (v/v) foetal calf serum (heat
inactivated), 5 uM/ml glutamine, 8 ug/ml concanavalin A),
the 1id of the vessel was closed tight and the culture was

o
incubated for 2 days at 37 C.

Making Metaphase Spreads

Two day old lymphocyte cultures were incubated for 2 Thours
with colcemid (0.15 ug/ml) to arrest the cells in metaphase
(by microtubule disruption). Lymphocytes were then
centrifuged (100 =x g, room temperature, 5 mins) and the
pellet was resuspended in 2 ml hypotonic solution (0.075 M
potassium chloride) at room temperature, in order to swell
the cells. After 15 mins the cells were centrifuged (100 x
g, room temperature, 5 mins) and the pellet was vigorously
resuspended in 2 ml ice cold fixative (3 wvols methanol:l

vol glacial acetic acid). The fixative was added drop by
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drop to avoid cell clumping. The preparation was
centrifuged (100 x g, 4OC, 5 mins), and cell fixation
repeated twice before the final resuspension in 100 ul fresh
fixative. Cells were dropped from a drawn out Pasteur

pipette onto acid washed cover slips ‘see below}), and the

preparation was allowed to air dry.

2.2.2. Microdissection And Microcloning

Microinstruments

Microscope

The microscope had a long range working distance condenser
lens, allied with a long working distance objective (x 32)
used with phase contrast illumination; it was focused with
the microscope tube, not the stage.

e Fonbrune Micromanipulator

=]

he 1instruments used for the microtechniques were held and
manipulated by a de Fonbrune micromanipulator. The receiver
of the micromanipulator {placed opposite the trough of the
0il chamber), was joined to a control stick by three thick
walled rubber tubes containing air. Movements of the
control stick within the three axes applied pressure to
three orthogonal syringes, which by means of three rubber
tubes acted on aneroid membranes at the receiver. The
micromanipulator decreased the amplitude of movement of the
hand so that the microinstrument moved distances appropriate
to the microscope field. Reduction of movement was obtained
(i) because of the area difference between the syringe cross

sectional area and that of the the aneroid membranes; (ii)
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because for the horizontal movements, the syringes are
operated by 1levers which scale down the movements of the
control stick - this provided the further facility of being
able to change the lever ratio for horizontal movement.
Vertical movement was controlled by a screw driven piston on
the barrel of the control stick.

In addition to the above fine control, coarse control was
possible by adjusting screws on the instrument holder of the

receiver, for horizontal and vertical movement.

Glassware

0il chambers (glass blocks 70 x 30 x 6 mm with a central
trough of 24 x 30 x 3 mm) and narrow cover slips (6 x 32 x
0.17 mm) were acid washed in 0.15 M hydrochloric acid
overnight, and rinsed in 10 changes of 100 % ethanol.

Cover slips wused for microcloning (not metaphase spreads)
were siliconised - aqueous drops attached to the siliconised

o

surface under o0il had a wetting angle of approximately 90

Siliconisation of glassware: glassware was left for 5 mins

in 2 % dimethyl dichlorosilane in 1,1,1 trichloroethane,
then air dried and rinsed in 1 mm ethylenediaminetetra

acetic acid, sodium salt (EDTA).

Microneedles

Microneedles and micropipettes were pulled using a
microforge: which permitted the controlled melting of glass
by a platinum-iridium filament, wunder a high power (x 200)

monocular microscope.
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Figure 2.1. Diagram of microneedle preparation
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Figure 2.2.

Diagram of micropipette preparation

)
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Figure 2.3:A Photograph of a micropipette positioned in

the microforge

A 5 g weight is hanging from the micropipette hook.

T

Figure 2.3:B Diagram of a micropipette positioned in the

I
L

microforge

i

|
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Microneedles were made from 20 cm x 2 mm diameter rods of
soda glass which were pulled over over an alcohol flame
(Fig.2.1:A) to give a thinning of about 0.5 mm diameter
(Fig. 2.1:B), and were snapped at the thinning to form 2
needles (Fig. 2.1:C). A needle tip (Fig. 2.1:D) was placed
adjacent to the microforge filament (Fig. 2.1:E). As the
filament heated, the glass contracted (Fig. 2.1:F) and the
needle tip (Fig. 2.1:G) bent towards the filament. The
needle was then drawn away from the filament, forming a
sharp tip with a high cone angle (Fig. 2.1:H). Finer needles
(approximate diameter: 1 um) were forged for microdissection
of chromosome regions, compared to those (approximate
diameter: 2 um) used for whole chromosome microdissections.
Microneedles were siliconised to prevent the collection drop

attaching to them when entering the drop.

Micropipettes

Pyrex glass tubing 10 mm diameter with 1 mm thick walls

(Fig. 2.2:A) was pulled over an acetylene flame to a
diameter of approximately 1 mm, retaining the wall
thickness:diameter ratio. These tubes were cut into 15 c¢m

lengths and pulled in an alcohol flame 3 cm from one end, to

give a thinning of approximately 0.5 mm diameter (Fig.

2.2:B). Using the alcohol flame this end of the tube was

bent into a hook (Fig. 2.2:C).

A micropipette holder was formed by shaping (Fig. 2.2:D) 3
o)

mm diameter soda glass tubing into a 90 angle with arms of

9 ecm and 4 em (Fig. 2.2:E).
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The long arm of a capillary was sealed air tight by paraffin
wax, into the long arm of the holder, the thinned region
projecting 3 cm. The micropipette was placed into the
microforge at ah angle of approximately SOO to the vertical,
and a weight was attached to the hook (Figs. 2.2:F, 2.3.).
Heating the filament adjacent to the pulled region allowed
the capillary to bend to the vertical under the pull of the
weight (Fig. 2.2:G). The micropipette was heated lower down
(Fig. 2.2:H), forming a constriction which was pulled out
and finally broke cleanly, under the force of the weight
(Fig. 2.2:1). Micropipettes were +then siliconised to
inhibit bubble attachment and to overcome the surface
tension which would decrease internal solution movement.
Micropipettes pulled with 2 g weights had fine <elongated
tips facilitatiﬁg great control of liquid ejection and
uptake, particularly important, for example, during phenol
extraction. Micropipettes pulled with 5 g weights Dbroke
more quickly and éo had wide mouths used during chloroform
extraction - when a thin étream of chloroform would have
knocked the microdrop from the cover slip and a wide 1low
pressure wave front was necessary.

To pipette the required nanolitre volumes for microcloning
the diameter of the microscope field (150 um) was estimated
and bubble diameter corresponding to 1 nl (approximately 30

um) was <calculated in relation to the microscope field

diameter (1/5).
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Preparation For Microcloning

Testing Of Restriction Enzyme

The restriction enzyme Eco R1, wutilised for microcloning,

was used in a very high concentration (from a stock of 200
U/ul) to minimise the possibility of inactivation and ¢to
ensure complete digestion of microdissected DNA. Aliquots

of the microcloning enzyme were tested for (i) Eco RI1%#

activity by the enzyme and (ii) endogenous exonuclease
activity within the aliquot.

(i) Eco R1#%# Activity:

1 ug wild type A DNA was digested with 200 U concentrated

Eco R1. The number of U of enzyme per ug DNA in the final

digestion mix was less than in the microcloning reaction
(see on), but the sodium chloride and glycerol contents were
similar. The enzyme was diluted with R buffer from a 10 x
stock, (R buffer x 1: 100 mM sodium chloride, 10 mM TRIS pH
7.5, 10 mM magnesium chloride, 10 mM 2-mercaptoethanol) to a

dilute stock Eco R1 concentration of approximately 50 U/ul

in 12 % (v/v) glycerol and 2 x R buffer. Eco R1*%¥ activity

is enhanced by high glycerol - low salt conditions and
dilution with R buffer (a high salt buffer) lowered the
percentage of glycerol (i.e. to 12 % (v/v)) and increased
sodium chloride concentration to 200 mM (i.e. 2 x R buffer -
200 mM). 200 U of Eco R1 from the dilute stock were added
to the A DNA to give a digestion concentration of 100 mM
sodium chloride and 6 % (v/v) glycerol.

Eco R1 functioning without Eco R1¥ activity restricts wild

type A into 6 fragments. After digestion for 2 hours at
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o
37 C the DNA was electrophoresed on a 0.8 7Z agarose gel and

checked for the expected band pattern.

7ii) Endogenous Exonuclease Activity:

If the above géls displayed a smear, two fresh digests were

set up with new buffer solutions and with wild type A\ DNA;

one digest was carried out with the concentrated Eco R1l, and

one with the 'normal' Eco Rl. Results of these digests

determined if DNA degradation was due to buffer or Eco RI

contamination by exonuclease.

Preparation Of Vector And Testing Of Ligase Enzyme

The cloning vector used was the insertion vector AgtlO which
accepts inserts of up‘to 7.6 kb {(Huynh, 1985) at a wunique
Eco R] insertion site. Prior to microcloning the vector was
checked for (i) complete digestion; (ii> religation
potential; (iii) non-recombinant background (see below}.

fi) Vector Digestion:

In preparation for microcloning thlO was digested with Eco
Rl, giving two fragments of 32.71 kb and 10.63 kb. 1In order
to compare Eco Rl digested and undigested Agtl0, an aliquot
of the digest was then redigested with Bam HIl. Bam HI

digests Agtl0 dinto 6 fragments, including a 6.10 kb

fragment containing the unique Eco Rl site. The double
digested aliquot was electrophoresed with a marker track of

Bam ] digested Agtl0 and the double digest was checked for

the complete disappearance of the 6.10 kb Bam Hl fragment.

(ii) Religation Of Vector:

Another aliquot of Eco Rl digested Agtl0 was religated to
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check both degradation of vector arms, and functioning of TU
DNA 1ligase. A proportion of this aliquot was electro-
phoresed - one high molecular weight band of religated Agt10
with no other fragments indicated religation was successful.

(iii) Estimating Non-Recombinant Clear Plaque Background:

In Vitro Packaging Of Vector

The remainder of the religated Agt10 was packaged in vitro.

In vitro packaging kits utilise proteins from two different
strains of A which carry complementary mutations in the
genes required for assembly of A bacteriophage particles.
The religated non-recombinant Agt10 DNA was mixed with the
proteins necessary for packaging A DNA into the protein
capsid, according to fhe.manufacturers' instructions, and
after two hours at ZOOC, the DNA had been packaged into

infectious viable ©bacteriophage particles <containing a

linear monomer of Agt10.

Agt10 Plaque Morphology

The Eco R1 cut site, the Agt10 insertion site, is within the
cI gene. Ligation of DNA fragments into the ¢I gene in-
hibits lysogeny; all recombinant th10 are cI— and therefore
lytic and produce clear plaques. However in non-recombinant
Agt10 the normal plaque morphology is of turbid plaques
being a mixture of lysogenic bacteriophage and a small
proportion (of the order of 10_3) of 1lytic Dbacteriophage.

Thus recombinant bacteriophage can be distinguished because

they produce clear, as opposed to turbid plaques.
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~ocsmation Of Non-Recombinant Clear Plaque Background

In order to have effective selection of recombinant clones,

the mnon-recombinant clear plaque Dbackground of Eco Rl

digested and religated Agtl0 had to be estimated.

The (i) packaged non-recombinant {digested and religated)
Lgtl0 was plated out onto SM32 for this estimation.

Two other aliquots of Agtl0 were also plated out onto SM32 -
(ii) packaged undigested AgtlO and (iii) packaged digested
(not religated) Agtl0.

The number of clear plaques and turbid plaques from the
three aliquots was counted. The packaged digested Agtl0
(iii) gave mno plaques and undigested Agth (ii) and
digested and religated AgtlO (i) aliquots gave comparable
non-recombinant clear plaque values of 1.6 x 10—3 and 1 x
10—3 respectively. Therefore the background was
sufficiently 1low for effective selection of recombinant
clones from the microdissection packaging reaction.

The digested Xgtl0 (iii) plating further indicated if Eco Rl
digestion had been complete, and the digested and religated

Xgtl0 (i) plating further indicated the success of the T4

DNA ligase.

2.2.3. Microdissection Of The Mouse X Chromosome

A cover slip with metaphase spreads was placed chromosome
side down onto the o0il chamber, adjacent to a collection
drop cover slip. Paraffin oil was Pasteur pipetted into the
chamber in order to stop microdrop evaporation (Fig. 2.4.).

The o0il did not affect reactions within the microdrop and
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had been equilibrated over an aqueous layer of R buffer.
Approximately 0.1 ul of SDS-proteinase K solutioﬁ (0.5 mg/mi
proteinase K, 10 mM TRIS pH 7.5, 10 mM sodium chloride, 0.1
%2 (w/v) sodium dodecylsulphate‘(SDS)) was pipetted from a
drawn out sterile Pasteur pipette onto the supply cover
slip. This was inverted (Fig. 2.5:4) and blaced adjacent to
the «collection drop cover slip. 0il flowed around the
supply drop and sealed it from the air. A micropipette was
used to pipétte SDS-proteinase K from the supply drop v(Fig.
2.5:B) to form the 1 nl collection drop on the central cover
slip (Figs. 2.5:C, 2.6., 2.7.).

Different micropipettes were used for each solution, these
were connected by thick walled rubber tubing (which did not
expand or contract with changes in air pressure) to a 2 way
syringe for the uptake and ejection of liquids.

The o0il chamber was placed on the microscope stagel A
microneedle was positioned within the oil chamber (Fig.
2.8.) and was manipulated to scratch away (Fig. 2.5:D) whole
X chromosomes or X chromosome fragments (Fig. 2.5:E) from
the front (i.e. farthéét from the operator) cover slip.
After each microdissection the tip of the needle was placed
in the collection drop (Figs. 2.9., 2.10.) and immediately a
small mass could be seen to leave the tip of the needle
(Fig. 2.5:F); these masses persisted throughout SDS-
proteinase K action until phenol extraction, and may have
been a proportion of protein which would not readily
dissolve 1in the aqueous phase and so would not be easily

attacked by SDS-proteinase K action.
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Figure 2.4. Photograph of R buffer equilibrated paraffin

0il being pipetted into an oil chamber

A pasteur pipette is being used to pipette 0il into the o0il
chamber; two cover slips lie across the oil chamber and oil
is beginning to flow between the cover slips and the oil
chamber trough.
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Figure 2.5. Diagram of microdissection and microcloning
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Figure 2.6. Photograph of a micropipette ejecting SDS-

proteinase K to form a collection drop

Figure 2.7. Photograph of side of an o0il chamber

A microdrop is suspended in o0il from a siliconised <cover
slip, the microdrop is circled in red.
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Figure 2.8. Photograph of the microneedle being

positioned within the o0il chamber prior to microdissection
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Figure 2.9. Photograph of a microneedle and microdrop

The microneedle is about to enter the microdrop

Figure 2.10. Photograph of a microneedle depositing

microdissected chromosome fragments within the collection

drop
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2.2.4. Microcloning Of The Mouse X Chromosome

Microextraction Of Microdissected DNA

When approximately 100 mouse X chromosomes or X chromosome
fragments had Seen collected, a second nl drop of fresh SDS-
proteinase K was fused to the collection drop (by pushing
the two drops together with the micropipette). The o0il
chamber was removed from the microscope stage and a piece of
R buffer moistened filter paper was slipped into the bottom
of the trough to sustain the equilibration of the o0il with
the aqueous phase. The o0il chamber was placed in a petri
dish, which was in turn placed in a larger petri dish. Both
dishes had a bottom lining of R buffer moistened filter
paper, this 'double petri dish' arrangement created a humid
chamber which was incubated for 90 mins at 370C.

After proteinase K digestion a supply drop of R buffer was
placed in the o0il chamber. One small supply drop of phenol
was put on a cover slip behind the R buffer cover slip. The
0il chamber was repositioned on the microscope stage and R
buffer was micropipetted into the phenol drop to maintain
aqueous saturation. The phenol, which had a blue tinge when
viewed under a microscope, had been equilibrated with 10 mM
TRIS pH 8.0 and then kept over R buffer. Phenol was used to
denature and extract protein from the microdrop.

Phenol was pipetted from the R buffered supply drop until it
surrounded- the collection drop (Figs. 2.5:G, 2.11.), often
detaching the <collection drop from the cover slip (Fig.

2.5:H). After 3 - 4 mins the phenol was removed.
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Figure 2.11. Photograph of a micropipette ejecting

phenol

The phenol surrounds the collection drop

i

Figure 2.12. Photograph of a micropipette ejecting

chloroform around a microdrop

mm i
|
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Phenol extraction was repeated twice, and the phénol supply
drop was removed from the oil chamber. As phenol dissolved
in o0il it was important to remove all traces of phenol from
the viecinity of the <collection drop so subsequent
microcloning steps were not affected by phenol
contamination; the phenol supply drop was also as small as
possible for the same reason.

The collection drop cover slip was pushed onto a fresh oil
filled chamber. A wide mouth micropipette was placed in a
beaker of o0il; o0il was drawn into the capillary, chloroform
was then drawn into the pipette from another beaker,
followed by more oil. Chloroform could not be pipetted from
a Pasteur pipette to form a supply drop because it instantly
evaporated from cover slips, and in oil the negligible
surface tension of a microdrop would allow the chloroform to
dissolve immediately. Approximately 2 ul of chloroform was
micropipetted over the collection drop to extract the phenol
(Figs. 2.5:I, 2.12.). The ~cover slips were moved onto a
fresh 0il chamber and the chloroform extraction was
repeated, followed by movement to two more fresh oil filled

chambers to exclude any possibility of phenol contamination.

Microcloning Of Microdissected DNA

A nanolitre drop of the restriction enzyme Eco R1 was fused
to the collection drop, from an Eco R1 supply drop (Fig.
2.5:J). The enzyme had been diluted in R buffer to a final

Eco R1 concentration of approximately 50 U/ul (12 % (v/v)

glycerol, 200 mM sodium chloride). Enzyme was diluted to
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avoid Eco R1* activity (see above). One nl (0.05 U) added

to the 2 nl <collection drop resulted in an enzyme
concentration of approximately 0.02 U/nl (4 ¢ (v/v)
glycerol, 70 mM sodium chloride) in 3 nl total volume.

Following fusion of the collection drop and the Eco R1 drop,

the <collection cover slip was flanked by non-siliconised

cover slips to maintain oil surface tension and avoid 1loss

from hotter, less viscous 0il running out of the sides of
the oil chamber trough. The o0il chamber was incubated for
o]

90 mins at 37 C in the double petri dish arrangement to
allow complete DNA digestion, and was then incubated for 20
mins at 7OOC to inactivate the enzyme. Inactivation of the
restriction enzyme was ensured by repeating the phenol and
chloroform extractions (Fig. 2.5:K).

An equal volume of Eco R1 digested vector, Agt10, (3 nl)
was added to the collection drop, in a fresh o0il chamber
(Fig. 2.13.). The vector concentration was 200 ug/ml with 4
mM ATP; 600 pg of vector were added to the Eco R1 digested
mouse DNA, 36 vector DNA wa;_in excess over the fragments to
be cloned; (it is estimated (see Chapter 3) that the
microdissection of 100 whole mouse X chromosomes results in
the collection of approximately 34 pg DNA).

An equal volume (6 nl) of TL DNA ligase was added to the
microdrop. The concentration of the T4 DNA ligase was 4 x
105 U/ml, and therefore 2.4 U were added to the 1ligation
reaction. The microdrop (12 nl) was now clearly visible to
the naked eye (Fig. 2.5:L),and the o0il chamber was placed in

o
the double petri dish arrangement at 4 C overnight.
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Figure 2.13. Photographs of a microdrop of vector DNA

being fused to the collection drop
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