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Abstract
X-linked agammaglobulinemia (XLA) is an inherited immunodeficiency disease
which results in a deficiency of immunoglobulins of all isotypes. This is a direct result
of low numbers of circulating B cells. At the start of this work the causative gene was
unknown but the disease locus was mapped to Xq22.
The aim of this work was to use a positional cloning approach to identify the X LA
gene. A number of D NA loci were known to map to Xq22 but the physical size of the
region could only be estimated at between 10 and 20Mb. Pulsed field gel electrophoresis
was used to construct two unlinked submaps spanning over 3Mb of D N A and
incorporating seven polymorphic and non-polymorphic D N A markers.
One of the polymorphic DNA markers, D X S lO l, was known to have four
additional copies which map to Xq22. Single copy probes for two of these were isolated
from D XSlO l positive cosmids.

One was found to lie within 550kb of the DXS178

locus, which is closely linked to the XLA locus. Analysis of DXS178 positive cosmids
resulted in the physical mapping of the DXS265 locus to within 5kb of the DXS178
locus.
In order to identify patients with deletions, screening of 46 unrelated X LA patients
with D NA markers closely linked to the XLA locus was carried out. A deletion in a
patient with X LA was found which encompassed the DXS442 locus, suggesting that the
X LA gene may lie nearby.

This work led indirectly to the identification of a new

restriction fragment length polymorphism at the D XSlO l locus.
The gene responsible for XLA , BTK, was cloned in the last year of this work.
BTK was incorporated into the physical map of the Xq22 region and the cDNA used to
identify mutations in X LA patients.

Southern blot analysis identified deletions in five

X LA patients. In addition, the XLA patient who was deleted at the DXS442 locus was
found to have a point mutation in the BTK gene.

To Stefan

In research the horizon recedes as we advance
................research is always incomplete.
Mark Pattison (1813-1884)
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Chapter 1

Introduction
1.1 The cloning of disease related genes
1.1.1 Functional cloning
1.1.2 Positional cloning
1.2 D N A méthylation and CpG islands
1.2.1 Distinguishing features of CpG islands
1.2.2 CpG islands are associated with genes
1.2.3 Not all genes have CpG islands
1.2.4 The distribution of genes and CpG islands within the genome
1.2.5 The function of CpG islands
1.2.6 D N A méthylation on the X-chromosome
1.2.7 Abnormal méthylation of CpG islands in disease
1.2.8 Identification of CpG islands in genomic D NA
1.3 X-linked immunodeficiency diseases
1.3.1 Introduction
1.3.2 X-linked agammaglobulinemia
1.3.3 Cloning of the gene responsible for XLA
1.3.4 X L A and growth hormone deficiency
1.3.5 Identification of the murine homologue of the X LA gene
1.4 Aims of this study

1.1 The cloning of disease related genes
The work presented in this thesis formed part of a strategy to isolate and
characterise the gene responsible for X-linked agammaglobulinemia (XLA ) using a
positional cloning type of approach.

I will begin by presenting an overview of how

human disease related genes are identified and cloned and move on to how this relates

17

to the X-linked immunodeficiency diseases, and X LA in particular.
The main problem with human disease gene identification is one of scale. The
size of the human genome is approximately 3 x 10^ bp whereas the size of the coding
sequence of the "average” gene is around 3 x 10^ bp, one millionth of the size of the
genome in which it resides.

Worse still, a change in a single base in a gene may be

sufficient to cause disease. Despite this, around 200 human disease related genes have
already been cloned and a further 2000 have been mapped to specific chromosomal
locations.
There are basically two pathways towards the identification of human disease
related genes. The majority that have been cloned to date have relied upon a "candidate
gene" or "functional cloning" type of approach (Fig. 1.1 [A]).

This requires a prior

knowledge of the protein that is defective in the disease, or its function.

A second

pathway which involves the identification of a gene solely from its map position has
recently begun to show some success.

This was previously known as the "reverse

genetics" approach since the understanding of the disease was gained from going from
the map position, to the gene, to the defect.

This name has caused some confusion,

however, as reverse genetics already had a prior meaning which referred to the process
of introducing mutations into cloned genes in order to elucidate their function.

The

process of identifying a gene from its map position has therefore become known as
"positional cloning" (F ig .l.l[B ]).

1.1.1 Functional cloning
The process of functional cloning goes from the knowledge of the disease
phenotype, to the deduction of the protein which is altered by comparison of normal and
disease states, to the cloning of the gene for that protein. The cloning of the gene can
be via several approaches. The low density lipoprotein receptor gene, underlying familial
hypocholesterolemia (Russell et al., 1983) was identified by purification and partial
sequencing of the protein, followed by cDNA library screening.

The cloning of the

phenylalanine hydroxylase gene which is defective in phenylketonuria patients was cloned
via antibodies raised to the protein (Robson et al., 1982) after which polysome
immunoprécipitation led to the isolation of the mRNA. In a few cases the function of the
gene was used directly to clone it, as in the cases of a few transforming oncogenes.
18

Fig.

1.1 C o m p a r i s o n of th e d i f f e r e n t a p p r o a c h e s

to t h e I d e n t i f i c a t i o n of d i s e a s e r e l a t e d

(A) F u n c t i o n a l c l o n i n g

Disease

Protein

Mop

Gene

(B)

Positional c l o n i n g

Disease

Protein

M ap
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genes

Functional complementation of deficiencies in cloned patient cells is also a possible route
to the cloning of disease genes.
Whilst these strategies have been successful in a large number of cases, they
require a knowledge of the function of the defective gene which is not available for the
vast majority of single gene defects.

In these cases the gene must be identified by a

positional cloning approach.

1 .1.2 Positional cloning
1.1.2.1 Establishment of disease loci
Positional cloning relies on the map position of a gene which can be determined
by one or both of the following strategies:
■ genetic linkage analysis in affected families
■ identification of rare individuals in whom the disease is associated with specific
chromosomal aberrations.

1 .1 .2.1 .1 Genetic linkage analysis
Genetic linkage analysis is based on the observation that the closer alleles for two
different genes or DNA markers are to each other on a chromosome, the more likely they
are to segregate together during meiosis and the less likely it is that a recombination
event will occur between them.

A recombination event is the exchange of material

between two homologous chromosomes whilst they are paired at meiosis.
The success of genetic linkage analysis depends upon the extent to which a
number of criteria are fulfilled:
■ access to large families, or large numbers of families, in whom the disease is
segregating.
■ accurate diagnosis of the disease in order to identify affected families, to
distinguish affected and unaffected family members (c.f. Huntington’s disease), and to
distinguish the disease from other diseases which may share some phenotypic traits.
■ a known Mendelian (or X-linked) pattern of inheritance
■ highly polymorphic D NA markers representing the appropriate chromosome.
I f a disorder exhibits a clear pattern of X-linked inheritance in family pedigrees
then the search for markers to which there is genetic linkage may be confined to those
20

mapping to the X-chromosome. I f no such pattern is apparent then panels of probes from
all 22 autosomes will be required in order to establish linkage to a particular
chromosomal location.
The D NA markers used must be localised on the chromosome with a reasonable
degree of accuracy.

This localisation is carried out using a variety of techniques

including: hybridisation to somatic cell hybrid panels (Wieacker et al., 1984; Oberle et
al., 1986; Barker et al., 1991), direct in situ hybridisation to metaphase chromosome
spreads (Riddell et al., 1986; Stasiowski and Migeon, 1993), or hybridisation to
chromosomes from deletion or translocation patients rescued in somatic cell hybrids (eg.
Suthers et al., 1990; Lafreniere et al., 1991; Ballabio et al., 1993). This is refined by
linkage analysis and the markers are placed onto regional maps of increasingly high
density (Barker et al., 1991; Mahtani et al., 1991; Weissenbach et al., 1992).
Until recently the markers used in linkage analysis were based on the use of
restriction fragment length polymorphisms (RFLPs). These are identified by digesting
D N A with a restriction enzyme for which a site has been created or deleted by sequence
variation in a proportion of the population (the polymorphic enzyme). The alteration in
the size of a restriction fragment is then detected by Southern blot analysis. These types
of polymorphic markers generally recognise only two alleles.

The likelihood of an

individual being a heterozygote (and therefore being able to identify which chromosome
carries the disease gene) increases as the allele frequencies approach 0.5.
Another class of polymorphic markers is being used increasingly. These are the
microsatellite markers (Weber and May, 1989; Litt and Luty, 1989). These consist of
sequence of two or three nucleotides that are repeated many times.

These are often

(CA)n sequences. Microsatellite markers are more informative than RFLPs as a number
of different alleles exist and the likelihood of individuals being heterozygotes increases
accordingly. In addition they are usually detected by PCR and so require much smaller
amounts of DNA per analysis.
Linkage analysis is useful in defining the extent of a disease locus by identifying
markers with which recombination has occurred and so must lie outside the disease locus.
Markers which show no recombinations with disease loci in large numbers of meioses are
particularly important in the identification of the associated gene as they may lie
physically very close to the disease locus.
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The information obtained from linkage analyses is usually analyzed by computer
programs such as LIN K A G E (Lathrop and Laloulel, 1988) which generate probabilities
of loci being linked in the form of LOD scores (Ott, 1986). A LO D score (Z) is the
Logarithm 1 0 of the ratio of the ODds that the two loci are linked to the odds that they are
unlinked. The proportion of recombinations between two loci, out of the total number
of opportunities for recombination is known as the recombination fraction (0 ). For two
unlinked markers 0 = 0.5, linked markers have a value of 0 that is lower than this (Ott,
1986). Genetic linkage between two loci is established if for any given recombination
fraction lower than 0.5 the LOD score exceeds 3. This means that it is 1000 times more
likely that a given segregation pattern arose because of linkage than by chance. I f a LOD
score is -2 or less then linkage is excluded.
Genetic distance is expressed in centiMorgans (cM), where Ic M is equal to 1%
recombination between two loci.

This relationship changes, however, with increased

values of 0 due to the increased probability of double recombination between two loci.
The length of the human genome in genetic terms is 33 Morgans.

In physical

terms the size of a haploid genome is approximately 3 x 1 0 ^ bp, thus Ic M corresponds
very approximately to 1Mb of DNA. There is much variation from this figure, however,
as different regions of the genome vary in recombinogenicity.
In regions where there are relatively few recombinational events, linkage
disequilibrium between the disease and linked DNA markers may provide information as
to the position of a gene. Linkage disequilibrium is the non-random association of two
markers alleles, or a marker allele and a disease mutation. This approach proved useful
in the identification of the cystic fibrosis gene (Estivill et al., 1987; Kerem et al., 1989).

1 .1 .2 .1 .2 Irradiation hybrid mapping
An analogous method to genetic linkage analysis which can be used for the
ordering of D NA markers within a chromosomal region, but not for the placement of
disease loci, is irradiation hybrid mapping. Lethally irradiated human chromosomes are
fused with recipient rodent cell lines resulting in the retention of human chromosome
fragments in the recipient cells (Goodfellow and Pritchard, 1988; Benham et al., 1989).
The likelihood that two markers will be retained in the same clone increases with their
proximity on the original chromosome.
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1 .1 .2 .1 .3 Identification of chromosomal abnormalities
The discovery of chromosomal abnormalities in affected individuals can greatly
speed the identification of candidate genes for genetic diseases.

Almost all successful

gene searches to date, with the notable exception of the cystic fibrosis gene, have relied
to some extent on the identification of chromosomal rearrangements detectable at least
at the Southern blot level.

The identification of deletions in affected individuals can

narrow the region in which to search for the gene. This is particularly true of diseases
in which more than one deletion has been identified as the minimal region of overlap of
the deletions then defines the disease locus.

Abnormalities which directly disrupt the

gene, such as translocations, can speed identification of the gene still further. In many
cases to find a translocation breakpoint is to find the gene. Examples of genes that have
been cloned with the aid of chromosomal abnormalities include neurofibromatosis type
I (deletions and translocations: Schmidt et al., 1987; Viskochil et al., 1990), Duchenne
muscular dystrophy, chronic granulomatous disease and choroideremia (large cytogenetic
deletions: Francke et al., 1985; Royer-Pokora et al., 1986; Cremers et al., 1990b),
Charcot Marie Tooth disease (duplications: Lupski et al., 1991) and fragile X syndrome,
myotonie dystrophy and Huntington’s disease (trinucleotide repeat expansion: Verkerk
et al., 1991; Fu et al., 1991; Harley et al., 1992; Buxton et al., 1992; The Huntington’s
disease collaborative research group, 1993; and others).
Chromosomal abnormalities may be used to produce libraries of D N A solely from
the abnormal region.

These can be screened for transcribed sequences which would

immediately become candidate genes for the disease. An example of this is the cloning
of D NA specifically from the deleted region of a chromosome by "pERT" (phenol
enhanced reassociation technique) cloning (Kunkel et al., 1985). This method was used
in the isolation of the gene responsible for X-linked chronic granulomatous disease (XCGD) (Royer-Pokora et al., 1986).

The identification of chromosomal abnormalities

using rare cutting restriction enzymes is discussed in section 1.2.8.

1 .1 .2 .2 Prediction of candidate genes from regional assignment
In some instances the assignment of a disease locus to a chromosomal location
may suggest a candidate gene if a cloned gene coding for an appropriate protein and with
appropriate expression patterns has already been mapped to the same location. This gene
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may then be examined for mutations in affected individuals. It was in this way that the
proteolipid protein gene was identified as being causative of Pelizaeus-Merzbacher disease
(Willard and Riordan, 1985; Gencic et al., 1989) and the «5 (IV ) collagen gene was
identified as being responsible for Alport syndrome (Barker et al., 1990; Zhou et al.,
1991).

1.1 .2 .2 .1 Comparison of human and mouse X chromosomes
Other clues to candidate genes for human diseases can be gained by comparison
of the human chromosomal region with the corresponding mouse chromosomal region
with which there is conservation of synteny. This is particularly true of X-linked diseases
as genes which are X-linked in one mammal tend to be X-linked in all mammals (Ohno,
1969). As X-linked genes function at single dose whereas autosomal genes function at
double dose, movement of X-linked genes to autosomes or vice-versa would result in
impaired dosage and might be expected to be lethal.

Several large regions have been

defined in which both gene order and content appears to have been conserved between
human and murine X-chromosomes (Brown, S. etal., 1991; Laval and Boyd, 1993) (Fig.
1.2).

This correspondence between the X-chromosomes may facilitate the positional

cloning of human X-linked disease genes, as murine mutants with similar phenotypes and
equivalent map positions may prove to be models of the human disease, and cloning of
the murine gene may lead to the identification of the human gene.
Human and mouse phenotypes for equivalent diseases may not always correspond.
Often because the murine strain represents a single, in bred, mutation whereas human
disease represents a spectrum of mutations. An example of this is the human D M D gene
(Koenig et al., 1987) and the murine Mdx {Dmd) gene (Bulfield et al., 1984).

Both

species show necrosis of muscle tissue and elevated creatine kinase levels but whereas
the human usually shows severe muscle wasting, resulting in paralysis and death, the
affected mouse is virtually asymptomatic.

1 .1 .2 .3 Physical mapping
In the absence of any clues towards candidate genes, additional linkage analysis,
with large numbers of closely linked markers can be used to narrow the disease region.
This approach is limited by the number of informative meioses available in family
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pedigrees.

Fine mapping is therefore limited to genetic intervals of about IcM .

may correspond to a physical distance of between 0.5Mb and 3Mb.

This

Physical mapping

must therefore be undertaken to define the disease locus accurately before cloning
attempts are undertaken. Physical mapping can also identify CpG islands (see section
1.2.8) which are associated with genes and may provide a good starting point for gene
cloning attempts. The physical mapping of large chromosomal regions is usually carried
out using the technique of pulsed field gel electrophoresis (PFGE).

1 .1 .2 .3 .1 Pulsed field gel electrophoresis
Conventional gel electrophoresis is limited to the separation of fragments smaller
than about 50kb (Fangman, 1978), due to the pore sizes of the polyacrylamide or agarose
matrices through which separation is carried out. Clearly this is not suitable for the large
scale mapping of mammalian genomes as the regions to be mapped are often in excess
of 1Mb.
In 1982, Schwartz et al. (1982) described a technique that could separate D NA
molecules larger than 50kb using by using alternating electric fields. This technique is
known as pulsed field gel electrophoresis (PFGE). The orientation of the electric field
in which the DNA is moving is periodically changed. Each time the field is altered the
D NA molecules must reorient themselves before moving in the new direction. Larger
D N A molecules take longer to reorient than smaller molecules and hence migrate more
slowly in a net forward direction. Early apparatus used inhomogeneous electric fields
(Schwartz et al., 1982; Carle and Olson, 1984).

Voltage gradients and reorientation

angles varied throughout the gels making comparisons between tracks difficult. More
recently, direct comparisons have been made possible by the use of homogeneous electric
fields and obtuse reorientation angles, e.g. field inversion gel electrophoresis (FIGE:
Carle et at., 1986), the "Waltzer" system (Anand, 1987), contour-clamped homogeneous
electric field (CHEF: Chu et al., 1986) and transverse alternating electric fields (TAFE:
Gardinner and Patterson, 1988) systems.

The DNA to be run is prepared in agarose

plugs to prevent shearing, and may be run intact (e.g. yeast chromosomes) or cleaved
with rare cutting restriction enzymes (e.g. mammalian genomic D N A , see section 1.2.8).
There is a linear relationship between fragment size and| mobility
molecules larger than 50kb with lo g j

for D NA

mobility being proportional to logio fragment
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size. The standard non-linear relationship applies to fragments smaller than 50kb. There
is also a zone of limiting mobility which defines the maximum size of fragment
resolvable under of given set of conditions.

The voltage gradient must be selected

according to the size of DNA fragment to be separated. Fragments up to 1Mb may be
separated on voltage gradients of 6-lOV/cm, but larger D N A fragments require this to
be reduced to l-2V/cm for reasons that are unclear (Lai et al., 1989). As the voltage
gradient is decreased, larger pulse times are required to separate similar sized molecules
(Smith et al., 1987).
PFGE used in conjunction with cleavage by appropriate restriction enzymes (see
section 1.2.8), and followed by Southern blotting and hybridisation with appropriate DNA
markers, can allow the precise mapping of translocation breakpoints and deletions which
can lead directly to gene identification. PFGE can also be used to physically link DNA
markers and define the physical distance between them, to map large chromosomal
regions and to identify CpG islands.
PFGE analysis of a translocation breakpoint in a Menkes disease patient (Mercer
et al., 1993) placed this breakpoint less than 3(X)kb from the PGK-1 gene locus.
Positional cloning attempts were then directed at this region, leading to the identification
of the gene involved in Menkes syndrome (Mercer et al., 1993).
The physical size of a candidate region for the Huntington’s disease (HD) locus
was defined by PFGE analysis (Bates et al., 1991). The hybridisation of different DNA
markers to the same D N A fragments allowed the linking of previous maps of parts of the
region to form a complete map and to allow the size of the H D candidate region to be
set at 2.5Mb (Bates et a l., 1991). The study of the HD locus also showed the importance
of physical determination of the size of the region rather than relying on correlations
between physical and genetic distance. The markers D4S10 and D4S125 had a genetic
separation of 3.5cM but their physical separation was less than 600kb. The discrepancy
was due to a recombination hotspot between the two loci.

Conversely, the markers

D4S125 and D4S113 had a genetic separation of 1.2cM but were found to have physical
separation of almost 2Mb (Bates et al., 1991).

1 .1 .2 .4 Cloning of DNA from the disease locus
Once an accurate definition of the size of the chromosomal region in which the
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disease gene lies has been obtained, a decision can be made on whether to attempt to
clone the region and search for candidate genes or whether more D N A markers and
physical and genetic linkage information should be sought. For example if the flanking
markers for a disease locus were separated by 2Mb then cloning would be feasible,
however, if this distance were 8Mb then cloning, and the search for genes in the cloned
D N A , would be a long laborious task, and it might be more prudent to produce more
markers and refine the genetic map before cloning was attempted.

In practise both

cloning of the locus and refinement of the genetic map take place simultaneously.
The flanking D NA markers and any intervening markers may be used to screen
libraries of genomic DNA. In early studies these would have been cloned into cosmid
or phage vectors. Chromosome walks are undertaken by isolating end fragments from
the cloned D N A and rescreening the libraries with these.

In this way whole

chromosomal regions could be isolated in contiguous clones, such as the 560kb of the
human M H C class III region which was isolated in 61 cosmids (Sargent et al., 1989).
This is an extremely labour-intensive process as the size of each "step" is restricted by
the amounts of D NA that can be carried in these vectors (up to 45kb in cosmids, up to
23kb in phage) and is unlikely to be more than 20kb.

In addition there are repetitive

regions in the genome and regions that are under-represented in the cosmid and phage
libraries that are extremely difficult to "walk" past.
One means of speeding such walks is the use of jumping libraries.

In these

libraries clones are created that contain either end of very large restriction fragments
ligated together.

DNA from either side of this restriction site in clones from these

libraries is derived from areas of the genome separated by hundreds of kb of D NA .
Chromosome walks are undertaken until a site for the rare cutting restriction enzyme used
in the construction of the library is reached. A clone from the chromosome walk is then
used to screen the jumping library.

Isolation of DNA from the opposite end of the

selected jumping clone then represents a "jump" from the original site. D NA markers
could be isolated from the new position and chromosome walks can also then be initiated
in this region.

Another advantage of these jumping libraries is that they will

preferentially contain DNA from CpG islands as the rare cutting restriction enzymes used
to produce these libraries frequently cut in CpG islands. Jumping libraries were used in
the isolation of the gene for cystic fibrosis (Rommens et al., 1989).
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Recently, the use of YACs (Burke et al., 1987) has speeded the cloning of large
genomic regions.

VAC vectors can contain inserts of over 1Mb and so chromosome

walks can be undertaken relatively quickly due to the large possible size of each "step".
Large contigs (contiguous regions of cloned DNA) are already available for a number of
regions, for example, areas of the long arm of the X chromosome (Little et al., 1992;
Schlessinger et al., 1991). The cloning of disease loci in YACs goes hand in hand with
physical mapping by PFGE.

YACs can be used to fill the gaps in physical maps and

confirm the physical linkage and separation of DNA probes; PFGE allows the sizing of
YACs, confirmation of their integrity by comparison with physical maps and their placing
on physical maps of the chromosomal region.

1 .1 .2 .5 Identification of coding regions in genomic DNA
Early methods of searching for transcribed regions in genomic D N A were based
on the unique properties of coding regions.

DNA that codes for protein products is

evolutionarily conserved between even quite distant species. This is presumably because
all but the smallest changes in the coding sequence of a gene would lead to the protein
it produces being unable to fulfil its function. This can be exploited in the hunt for genes
by screening Southern blots of DNA from a number of different species from amphibians
to mammals ("zoo blots") (Monaco et al., 1986) with the cloned D N A .

Cosmids and

phage clones can be used directly on zoo blots as repetitive D N A also present in the
clones is not conserved between species. YACs may need to be subcloned into cosmids
before testing on zoo blots as each Y AC may contain more than one gene.
Another property of genes which can aid in their isolation is that they may be
associated with CpG islands (see section 1.2.2). I f these have been identified by physical
mapping (see section 1.1.2.3), they can be isolated from cloned D N A and may represent
potential candidate genes. The actual coding sequence for the gene can then be recovered
from a cDNA library prepared from an appropriate tissue.
Recently techniques have been developed for the direct screening of cDNA
libraries with large regions of genomic DNA.

D NA from YACs is immobilised and

hybridised with cDNA fragments. The cDNAs are then recovered by PCR (Parimoo et
al., 1991; Lovett et al., 1991).

This technique has also been modified to allow the

screening of YACs in total yeast D NA (Parimoo et al., 1993). A similar technique has
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been applied to the direct screening of cosmids (Korn et al., 1992). The technique has
also been applied in reverse for the hybridisation of genomic clones to immobilised
cDNA libraries (Herrmann et al., 1990; Elvin et al., 1990).
Other novel techniques for the identification of transcribed sequences from
genomic clones have also been developed and have shown success in some cases. Exon
trapping (Buckler et al., 1991; Duyk et al., 1990) has been used in the identification of
the glycerol kinase gene in Xp21 (Walker et al., 1992), and the gene responsible for
Huntington’s disease on chromosome 4 (The Huntington’s disease collaborative research
group, 1993). In this technique D NA is cloned into expression vectors and transfected
into cultured cells. The presence of exons in the insert is then detected by the presence
of transcripts in which vector splice donor sites are joined to genomic splice acceptor
sites.

Another method using splice sites detects genes in genomic clones by the

hybridisation of oligonucleotides corresponding to the 5 ’ and 3’ splice junction consensus
sequences (Melmer and Buchwald, 1992). Other novel techniques include: the analysis
of nuclear RNAs from somatic cell hybrids, homologous recombination, promoter
trapping and poly A4- signal trapping.
Ultimately all techniques for the identification of genes rely on the isolation of
clones from cDNA libraries. It is important that these are generated from appropriate
tissues if genes which are transcribed at low levels and in a tissue specific fashion are to
be identified.

In many cases clues can be obtained from the disease phenotype, for

example, the gene for mental retardation syndromes may be expected to be expressed in
brain. In the case of X-linked immunodeficiency diseases additional information can also
be obtained from X-inactivation studies of cells from different haemopoetic lineages.

1 .1 .2 .5 .1 The use of X-inactivation studies to identify affected cell types
Early in embryogenesis one of the two X-chromosomes in the somatic cells of
female mammals is inactivated (Lyon, 1972). This is to ensure equivalent dosage of X linked genes in both males and females. The X-inactivation status is transmitted to all
cell progeny in a stable fashion. Cells from lineages in which the defective gene is active
but the normal gene is required for development will not be present in mature
populations.

Hence all mature cells must be expressing the normal gene and will

therefore show non-random X-inactivation. Identification of a cell type in which there
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is a non-random pattern of X-inactivation will therefore identify a cell type in which the
defective gene is expressed and cDNA libraries can be generated from this cell type.
X-inactivation patterns are determined in two ways.

The first involves fusing

human cells with Chinese hamster fibroblast cells or mouse myeloma cells lacking the
hypoxanthine guanine phosphoribosyl transferase (HPRT) gene (Puck et al., 1987;
Hendricks et al., 1989).

The fused cells are grown in medium supplemented with

hypoxanthine, aminopterin and thymidine (HAT) which only allows survival of hybrids
which contain the active human X-chromosome. Analysis of the surviving cell clones
will then reveal the X-inactivation pattern in the original cell population.
The second and now more common method uses the fact that CpG islands and
other sequences are differentially methylated on the active and inactive X-chromosomes
(see section 1.2.6). Genomic D N A from a given population of cells is cleaved with the
méthylation sensitive restriction enzyme HpaW.

A region of the X-chromosome

containing a HpaW site which is differentially methylated is then amplified by PCR.
Amplification is seen if the HpaW site is methylated and so uncleaved. I f the HpaW site
is cleaved, no amplification is seen. The resulting pattern of amplification then reflects
the pattern of X-inactivation (e.g. Hendricks et aL, 1992).

1 .1 .2 .6 Confirmation that the correct gene has been cloned
Once a candidate gene has been isolated it must be shown to be the correct gene.
The tissue specificity can be determined from the pattern of gene expression using
Northern blots containing RNA from a variety of tissues. This will show if the cloned
gene is expressed in the most likely tissues, and therefore likely to be the correct one.
The final proof, however, requires the identification of mutations in this gene in patients
with the disease. These might be identified by Southern blot analysis of patient DNA
which will reveal small intragenic deletions and point mutations which disrupt restriction
enzyme sites. I f this does not reveal mutations then complete sequencing of the gene will
be required, in a normal individual to establish the normal sequence and in patients to
identify mutations. Complete sequencing and the discovery of the AF508 mutation was
required to confirm the identity of the CF candidate gene as the correct gene (Rommens
et al., 1989; Kerem et al., 1989). I f no mutations are found at this stage then it is likely
that the gene cloned is not the correct one and other genes must be screened.
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The cloning of a disease gene is both an end and a beginning. It is obviously the
end of mapping and cloning studies but opens up the far more interesting area of analysis
of gene function, of mutation analysis in patients and possible improvements to treatment
regimes, from improved preventative counselling, through better disease management to
the prospect of somatic gene therapy.

1.2 DNA méthylation and CpG islands
The search for genes in large chromosomal regions with no knowledge of their
protein product or function would be an almost impossible task if it were not for the fact
that sequences exist in mammalian DNA that mark the 5 ’ ends of a large number of
genes (McClelland and Ivairie, 1982; Tykocinski and Max, 1984; Gardiner-Garden and
Frommer, 1987; Bird, 1987). These sequences are known as CpG islands and methods
exist to locate them and thereby facilitate the cloning of genes associated with them
(Larsen et aL, 1992a).

These CpG islands have three features which make them distinct

from bulk D NA (Bird, 1986; Bird et aL, 1985). These features are detailed below.

1.2.1 Distinguishing features of CpG islands
1.2.1.1 Mammalian CpG islands have a higher C + G content than bulk DNA
Mammalian D N A is generally A 4- T rich with these two nucleotides occurring
at an average frequency of around 60%. In contrast CpG islands tend to be rich in the
nucleotides G + C, with the frequency of these nucleotides being elevated from 40% to
55-70% (Bird et aL, 1985). This increase in C + G content alone would have the effect
of increasing the frequency of CpG dinucleotides 2.5 fold.

1 .2 .1 .2 CpG islands contain the CpG dinucleotide at the expected frequency.
The ratio of CpG pairs to GpC pairs in CpG islands is approximately 1 as
expected from their frequency (Swartz et aL, 1962; Josse et aL, 1961). In bulk genomic
D N A , however, this ratio is reduced to about 0.2. This deficiency in CpG is mainly a
result of cytosine méthylation (Rideout et aL, 1990).

Cytosine residues are prone to

deamination. I f the residue is unmethylated then this results in a uracil residue which is
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"repaired " to a cytosine residue (Lindahl, 1982). If, however, the cytosine residue is
methylated, then a thymine residue results.

A mechanism exists which corrects T:G

mismatches to C:G with around 90% efficiency (Brown and Jiricny, 1987; Wiebauer and
Jiricny 1990), but mCpG to TpG is still a relatively frequent mutational event. The CpG
deficiency of the genome is matched by a relative excess of TpG and CpA dinucleotides
(Bird, 1980). A comparison of the human a-globin gene with its methylated pseudogene
(Bird et aL, 1987) showed that although 3 in 4 nucleotides are identical between the two
sequences, only 4 of the 70 CpG pairs in the functional gene remain in the pseudogene
and many of the remainder have been mutated to TpG or CpA pairs. The loss of CpG
has been avoided in CpG islands due to their lack of méthylation (section 1.2.1.3)

1 .2 .1 .3 CpG islands are non-methyiated
Vertebrate DNA is nearly always methylated to some extent, this méthylation
always occurs at cytosine residues

in CpG dinucleotide pairs. Approximately 4%

of cytosine residues are methylated (Antequera and Bird, 1993), but this represents some
80% of the CpG pairs in the mammalian genome. The 20% of CpG pairs that are not
methylated are clustered in the genome.

Cleavage of mammalian D NA with the

méthylation sensitive enzyme HpaU (recognition site: CCGG) (Cooper et aL, 1983)
showed that these sites were sparse in the majority of the genome, but a small fraction
(1-2%) existed which was rich in clusters of these sites. This fraction was termed the
HTF (for HpaU tiny fragment) fraction. Analysis of random fragments from the H TF
fraction (Bird et aL, 1985) showed that they were derived from genomic regions of about
Ikb in length in which HpaU sites were clustered, the G + C content was about 65 % and
CpG pairs were non-methylated at all testable sites. These properties were identical to
those of D NA sequences found at the 5’ end of certain genes (McKeon et al., 1982; Stein
et aL, 1983; Yen et aL, 1984), and it was therefore suggested that all of the fragments
found in the H TF fraction might therefore be located at the 5’ end of genes and therefore
that genes with associated CpG islands would number about 30,(X) (Bird, 1987).

1.2.2 CpG islands are associated with genes
The association between CpG islands and genes was first suggested by Bird et al.
(1985) who showed that 3 out of 4 randomly selected murine H TF clones hybridised to
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polyadenylated RNA transcripts, it was confirmed by Lindsay and Bird (1987) who found
a similar association between polyadenylated RNA transcripts and CpG islands randomly
selected from a genomic library, by the presence of sites for rare cutting restriction
enzymes.

Further evidence comes from the mapping of CpG islands in very large areas

of genomic D N A in order to locate genes. One particularly impressive example of this
is the study of 540kb of the human M HC class II I region (Sargent et al., 1989) in which
the identification of CpG islands led to the discovery of twelve new genes, another
example is the identification of CpG island associated transcripts at the Wilms tumour
locus on chromosome 11 (Bonetta et at., 1990).
The only example to date of a CpG island which is not associated with a gene is
the CpG island at the a-2 pseudogene in the human alpha globin locus (Fischel-Ghodsian
et aï., 1987; Larsen et al., 1992a). This probably represents a recent duplication and
will become methylated with time. It is thus likely that almost all CpG islands will be
associated with genes.
There have been reports of CpG islands in cloned D N A (which has lost its
méthylation) that are not seen in genomic D NA , presumably because they are methylated
(e.g. Anand et al., (1991)).
associated with them.

It is not clear whether these CpG islands have genes

They may be a subset of gene-associated CpG islands that are

methylated in most tissues, or a fortuitous clustering of CpG dinucleotides in a C + G
rich region.

Alternatively they may be associated with recently inactivated genes or

pseudogenes (Bickmore and Bird, 1992).

1.2.3 Not all genes have CpG islands
Although almost all CpG islands are associated with genes the converse does not
appear to be true.

Several genes have shown no evidence of CpG like sequences

including the chicken ovalbumin gene (Mandel and Chambon, 1979) and the human R
globin gene (van der Ploeg and Flavell, 1980).

Both Gardiner-Garden and Frommer

(1987) and Larsen et al. (1992a) have undertaken surveys of large numbers of gene
sequences to try and identify which genes have CpG islands. Both surveys found that all
housekeeping genes examined had associated CpG islands which began upstream of the
transcription start site (5’ CpG islands). In addition Larsen et al (1992a) also found that
all tRNA and rRNA sequences analyzed had 5 ’ CpG islands. O f genes with limited or
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tissue specific expression about 40% had CpG islands but these were not biased to the
region 5 ’ of the

gene as in housekeeping genes and a significant number had 3’

CpG islands (CpG islands which started 3’ of the transcription start site). Larsen et al.
(1992a) estimated that they had analyzed 0.5% of the total number of genes in the human
genome more than half of which were associated with CpG islands. This is reasonable
based on estimates that there are 50,(XX)-60,(XX) genes in the human genome and
approximately 30,000 CpG islands (Bird, 1987).

1 .2.4 The distribution of genes and CpG islands within the genome
The distribution of both genes and CpG islands within the genome is not uniform.
The average separation of CpG islands has been estimated at approximately lOOkb
(Brown and Bird, 1986), there is, however, considerable variation about this mean.
Twelve CpG islands were found within 540kb of the human M H C class II I region
(Sargent et aL, 1989) whereas areas of the Duchenne muscular dystrophy locus have no
evidence of CpG islands in several megabases of D NA (Burmeister et at., 1988). The
distribution of CpG islands appears to be biphasic (Bickmore and Bird, 1992), in some
parts of the genome they occur frequently, whilst in other parts they are rare. It has been
suggested that this correlates with the banding patterns that can be observed in
mammalian chromosomes. Many mammalian housekeeping genes and so CpG islands
appear to be clustered in Giemsa light staining regions which tend to have a higher G +
C content (Bemardi, 1989), whereas dark staining regions contain few if any genes. The
area of the D M D locus which showed no evidence of CpG islands is located in a large
G-dark band Xp21.3 (Burmeister et aL, 1988), however, there was a clustering of CpG
islands near to the 5 ’ end of the gene which corresponded to a small G-light band
Xp21.2. Even within the gene rich G-light bands CpG island distribution is not uniform
(Maestrini et al, 1992).

O f 22 CpG islands mapped along the 9 -10Mb of the G-light

staining Xq28 band, 16 were located in a 300kb region near to the G6PD gene.

1.2.5 The function of CpG islands
There are two opposing hypotheses for the presence of CpG islands in the
genome. Either they perform an essential function, or they are an irrelevant by-product
of evolution. The latter could come about if CpG islands were always bound by protein
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factors and so were unavailable to the DNA methyltransferase. They would then remain
unmethylated and so would not become deficient in CpG pairs. This would not explain
how they come to be enriched in C + G content compared to the rest of the genome, or
the fact that méthylation of CpG islands inhibits transcription from associated genes
(Bird, 1986).
CpG islands have been suggested to have a role in making the associated gene
accessible to transcription factors which are excluded from non-island D NA (Bird, 1987).
Oligonucleosomes that are exclusively derived from CpG islands can be cleaved from
nuclei by enzymes that cleave preferentially at CpG islands (Antequera et aL, 1989).
Analysis of these (Tazi and Bird, 1990) showed that they have the characteristics of
active chromatin

(Turner, 1991).

The presence of CpG islands could influence the

chromatin structure leaving the genes associated with them accessible to transcription
factors, or the chromatin structure could be a consequence of the increased transcriptional
activity at these positions. I f the CpG islands are thought to make genes available for
transcription this would have implications for tissue specific genes. Those without islands
would be transcriptionally unavailable in tissues where they were methylated. This may
contribute to transcriptional repression of these genes in non-expressing tissues. Tissue
specific genes with islands, however, would be available to transcription factors even in
tissues where they are not expressed. It has been suggested that such genes must have
efficient trans-acting repressors in non-expressing tissues (Bird, 1987).
CpG islands may also function as the promoters of housekeeping genes which lack
TA TA boxes (Dynan, 1986). Most CpG islands contain potential binding sites for Spl
and other transcriptional factors (Antequera and Bird, 1993; Pfeiffer and Riggs, 1991)
and in promoters that do not contain TATA boxes positioning of the transcription
complex takes place through interaction with factors such as Spl (Pugh and Tijian, 1991).
There has recently been a suggestion that function may reside in the méthylation
of non-island DNA as well as in the non-methylation of island D NA (Kricker et aL,
1992). Recombination between homologous sequences would lead to the accumulation
of gross chromosomal abnormalities in most cells, even at recombination frequencies as
low as 10'^. Recombination is inhibited by reducing the degree of sequence identity by
quite a small degree.

Kricker et al. (1992) proposed that duplicated sequences are

targeted for méthylation and that subsequent deamination of methyl-cytosine to thymine
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then converts the sequences into "non-recombining" DNA and so protects the cell from
chromosomal rearrangement.

Functional genes are protected from this mutation

mechanism by their fragmentation into exons. They support this hypothesis by showing
that repeated sequences preferentially experience a high frequency of mutation at the site
of cytosine méthylation.

1.2.6 DNA méthylation on the X chromosome
CpG islands may be identified by the fact that they are hypomethylated.
Hypomethylation appears to be essential for the expression of the associated gene
although there are no apparent expression related changes in méthylation.

There is,

however, one exception to this, which is the CpG islands of the inactive X-chromosome
which may be methylated, and in which repression of gene expression is correlated with
the méthylation status of associated CpG islands.

X-inactivation is the transcriptional

repression of all X-chromosomes in excess of one in order to achieve dosage
compensation of X-linked genes with males (Lyon, 1961). There are many examples of
X-linked genes with CpG islands which become methylated and transcriptionally silent
on the inactive X-chromosome including the G6PD gene (Toniolo et aL, 1988) and the
PGKl gene (Pfeiffer et aL, 1990). There are also examples of genes which escape Xinactivation and in these cases the CpG islands associated with these genes escape
méthylation, for example the M IC2 gene (Goodfellow et aL, 1988). In some cases there
is an inverse correlation between méthylation and inactivation.

The CpG island

associated with the highly polymorphic DXS255 locus, which is not associated with a
gene but with a LINE-1 repetitive element is highly methylated on the active X chromosome, but not on the inactive X (Hendricks et aL, 1992).

This type of

méthylation difference at highly polymorphic loci provides a basis for experimentally
distinguishing the active and inactive X chromosomes.
It is probable that méthylation is not the primary mechanism of X-inactivation
because despite the fact that studies have placed the time of méthylation close to the time
of X-inactivation (Grant et aL, 1992), it has been shown that X-inactivation can take
place without concurrent CpG méthylation (Kaslow and Migeon, 1987).
Recently a gene has been identified | that has been implicated in the initiation of X
inactivation. This is the Xist (for X; specific transcript) gene (Brown, C. et aL, 1991a)
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which is expressed exclusively from the inactive X-chromosome and maps to the Xinactivation centre, which is the only region required in cis for X-inactivation to occur
(Brown, C. et al, 1991b).

There are no conserved open reading frames in the Xist

cDNA which suggests that it acts as a structural RNA within the nucleus (Brown et al.,
1992), which is consistent with a c/5-limited action. It is also located within the nucleus
at the position of the Barr body which specifically corresponds to the inactive Xchromosome (Brown, C. et al., 1992). Most importantly, recent evidence has suggested
that, in the mouse at least, Xist expression precedes X-inactivation by at least one day
(Kay et al., 1993), allowing a causative role in X-inactivation.

1.2.7 Abnormal méthylation of CpG islands in disease
Abnormal CpG méthylation has been implicated in at least two disease states. In
fragile X mental retardation affected individuals show increased length of a tandemly
repeated COG trinucleotide and hypermethylation of a CpG island 250bp upstream of this
repeat (Bell et al., 1991 ; Fu et al., 1991). It is not currently known whether the lack of
transcription is due to the amplification of the CGG trinucleotide or the méthylation of
the CpG island, but since méthylation at CpG islands is known to cause transcriptional
repression it has been suggested (Antequera and Bird, 1993) that transcriptional shutdown
might be directly due to the méthylation of the CpG island which in turn is brought about
by expansion of the trinucleotide repeat.
Several individuals with sporadic retinoblastoma tumours have been identified with
hypermethylation of the 5 ’ end of the retinoblastoma gene (Greger et al., 1989; Sakai et
al., 1991).

Ohtani-Fujita et al. (1993) showed that specific hypermethylation reduced

expression of the retinoblastoma gene to 8% of that seen in the unmethylated control, in
addition certain transcription factors, including the retinoblastoma binding factor 1 would
not bind when their recognition sequences are methylated.

This suggests that CpG

méthylation can lead to inactivation of the gene and so to oncogenesis.

1.2.8 Identification of CpG islands in genomic DNA
CpG islands can be identified by the fact that certain restriction enzymes cut
preferentially at these islands. These enzymes have recognition sites that contain one or
more CpG dinucleotides and are méthylation sensitive.
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These enzymes have been

classified into groups by both Bickmore and Bird (1992) and by Larsen et al. (1992b),
according to how likely they are to cut at CpG islands and how likely islands were to
contain sites for these enzymes (Table 1.1).

Not\, Eagl, B5 5 H II and SacW were

identified as enzymes whose sites were most likely to be contained in CpG islands and
clusters of sites for these enzymes are therefore good indicators of the presence of CpG
islands. Gardiner et aï. (1990) suggested, however, that such clustering only pinpoints
a proportion of CpG islands and that these might be associated with gene clusters rather
than individual genes. Narl, Nael and Smal could be used to confirm the presence of
CpG islands but as they also have a significant number of sites outside CpG islands, sites
for these enzymes alone could not be taken as diagnostic of the presence of CpG islands
Another group of enzymes, M M , Nrul, Pvul and SpH were identified that despite
the presence of two CpG pairs tended to cut outside CpG islands because of the presence
of A 4- T in their recognition sequences. These produce large D N A fragments which
can be useful for physical linkage analysis (Bickmore and Bird, 1992; Larsen et al.,
1992b).
Use of group I and II enzymes (Table 1.1) can be used to identify chromosomal
deletions that are not visible cytogenetically.

Enzymes that detect moderately large

fragments should be selected and both decreases and increases in fragment size can be
indicative of the presence of a deletion. Decreases occur where the deletion is wholly
contained within a fragment, increases where the deletion of a site for the enzyme leads
to the joining of two fragments. Use of the group IV enzymes should be avoided in the
search for deletion or translocation breakpoints as many sites for group IV enzymes occur
outside CpG islands and are subject to variable méthylation. Altered fragment sizes may
therefore be due to variations in méthylation (Bickmore and Bird, 1992).
Long term culture of cell lines can lead to the méthylation of CpG islands
associated with genes not required for survival in culture (i.e. tissue specific genes)
(Antequera et al., 1990). This can cause problems in attempts to identify deletion and
translocation breakpoints in cell lines derived from patients as altered fragments may be
due to differential méthylation.

They are also not good sources of D NA in which to

search for CpG islands. They may prove advantageous in physical analysis, however,
as they may provide the means to skip a CpG island that is preventing physical linkage
of two D NA markers.
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Table 1.1 Restriction enzymes used in physical mapping

Number of sites per
island
Group

Number
of CpGs

G + C
content

I

2

II

Percentage of
sites in islands

Enzyme

Recognition site

Expected

Observed

8/8

Notl
Ascl

GCGGCCGC
GGCGCGCC

0.14
0.14

0.35
0.27

93

Nearly all genomic sites are in islands, but
only a small proportion of islands have a
site. Produce large sized fragments.

2

6/6

Bj j HII
Eagl
Sacll/Sstll

GCGCGC
CGGCCG
CCGCGG

1.68
1.68
1.68

2.11
1.70
1.89

76

Most genomic sites are in islands. Nearly
every island will have a site for one of these
enzymes.

III

1

6/6

Nael
Narl
Smal

GCCGGC
GGCGCC
CCCGGG

1.68
1.68
1.68

1.14
1.65
2.14

41

Again, nearly every island will have a site
for one of these enzymes, but there are
many more non-island sites.

IV

2

4/6

Mlul
Nrul
Pvul
SpH

ACGCGT
TCGCGA
CGATCG
CGTACG

0.42
0.42
0.42
0.42

0.03
0.11
0.08
0.03

4

Frequency of sites in islands is lower than
expected. Most sites are not in islands.
Large fragments are produced which are
useful for physical linkage.

Others

2

6/7

RsrYHCpol

CGG^/tCCG

Will probably behave similarly to group IV
enzymes.

1

8/8

Sifl

GCCCGGGC

Expected to have properties intermediate
between those of groups 11 and 111.

-

8-12/8

Sfil

GGCCNNNNGGCC

Properties observed to be most like enzymes
of group 111. Often produces partial
digestion.

o

Adapted from Bickmore and Bird (1992).

Comments

The identification of CpG islands in cloned D N A , such as in YACs, requires
additional care as the lack of méthylation reveals a number of sites not available in
genomic D N A . Any enzyme that may have a significant number of sites outside CpG
islands should be avoided and thus only clusters of sites for group I and II enzymes are
reliable indicators of CpG islands.
One final point to which attention should be paid is that the limit of resolution of
PFGE is significantly larger than the size of a CpG island and what may appear to be a
cluster of sites by PFGE analysis may in fact be dispersed over 5-lOkb of D N A and so
not represent a CpG island at all.

1.3 X-linked immunodeficiency diseases
1.3.1 Introduction
The immune system is made up of a very large number of tissues, cells and
effector molecules. Defects in any of these can lead to impaired immune function. Such
impairment can result in repeated bacterial, fungal and viral infections, often beginning
in early childhood. Over 70% of children with inherited immunodeficiencies are male
and a significant proportion of these suffer from X-linked conditions.
There are seven well characterised X-linked immunodeficiency diseases (Fig. 1.3).
Two of these, X-linked chronic granulomatous disease (X-CGD) and Properdin deficiency
(X-PD), affect non-specific immunity. The genes responsible for these conditions have
been cloned. The remaining five conditions affect lymphocyte function. The genes for
three of these, X-linked severe combined immunodeficiency (X-SCID; SCIDX-1), Xlinked immunodeficiency with hyperimmunoglobulinemia M syndrome (XH M ; H IG M X 1) and X-linked agammaglobulinemia (XLA; A G M X-1), have recently been cloned. As
yet there are no candidate genes for X-linked lymphoproliferative syndrome (XLP) or
Wiskott-Aldrich syndrome (WAS). The molecular basis of these two conditions therefore
remains unknown.

1.3.1.1 X-linked chronic granulomatous disease
X-CGD was one of the first genes to be isolated by a positional cloning approach
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(Royer-Pokora et al., 1986). Cloning of the gene was a result of the analysis of patients
with multisyndromic disorders resulting from large deletions of the Xp21 band of the Xchromosome (reviewed in Orkin, 1989). The chromosome localisation was refined to
Xp21.1 (Royer-Pokora et aL, 1986). A "pERT" library consisting of the D N A deleted
from one of the patients (Kunkel et aL, 1985) was screened with cDNAs from a
phagocytic cell line and the selected cDNAs were then analyzed as possible candidate
genes for X-C G D . The gene was found to encode the B-chain of the cytochrome b.2 4 5
(Teahan et a L , 1987; Dinauer et aL , 1987) which is a component of the membrane bound
N A D PH oxidase of phagocytes. The NADPH oxidase is responsible for the production
of superoxide which kills micro-organisms ingested by the phagocyte. Since the cloning
of the disease gene, both deletions and point mutations have been revealed in the coding
region of the gene (Orkin, 1989).

1 .3 .1 .2 Properdin deficiency
X-PD has been localised to the short arm of the X-chromosome in the region
X p l 1.23-21.2 by family studies (Goonewardena et aL, 1988; Wadelius et aL, 1992).
The structural gene for properdin was found to map to the same locus and was
immediately a candidate gene for this disorder (Goundis et aL, 1989). Properdin is a
serum protein that is involved in the alternative pathway of the human complement
system. Its role is to stabilise the C3 and C5 convertase enzyme complexes which split
the C3 and C5 components, respectively (Nolan et aL, 1991; Nolan et aL, 1992). The
gene for properdin has now been cloned and characterised (Nolan et aL, 1991; Nolan et
aL, 1992) but X-PD patients with mutations in the properdin gene have yet to be
identified.

1 .3 .1 .3 X-linked immunodeficiency with hyperimmunoglobulinemia M syndrome
X H M is characterised by selective agammaglobulinemia of the IgA and IgG
subclasses. The IgM subclass is present at normal or elevated levels. B cells are present
at normal levels as are T cells (Notarangelo et aL, 1992). X-inactivation studies have
shown random patterns in both T and B cells (Hendricks et aL, 1990) suggesting that the
gene is not required for development of these cell types. X H M has been mapped to the
Xq26 band of the X-chromosome by genetic linkage analyses (Padayachee et aL, 1992).
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Studies had shown that the cell surface antigen CD40 played a role in B cell
responses including isotype switching (Clarke and Lane, 1991). The CD40 protein was
shown to be functional in X H M patients (Aruffo et aL, 1993). The ligand for the CD40
antigen (known as CD40L, TRAP or gp39, and referred to here as CD40L) (Armitage
et aL, 1992; Lane et aL, 1992) was found to be expressed on activated T cells and
blocking of the binding of CD40L to CD40 inhibited B cell responses (Fanslowe et a l.,
1992). This lead to the suggestion that CD40L might be a candidate gene for X H M .
Several groups showed that the gene for CD40L mapped to the Xq26 region of the X
chromosome and mutations in the CD40L gene were identified in X H M patients (Allen
et aL, 1993; Aruffo et aL, 1993; Korthauer et aL, 1993; DiSanto et aL, 1993). This
confirmed that CD40L was the gene responsible for X H M .

1 .3 .1 .4 X-linked severe combined immunodeficiency
A number of forms of severe combined immunodeficiency (SCID) exist. All are
characterised by the absence of both T cell mediated and humoral immunity.

Two

autosomal recessive forms have been well characterised and are caused by defects in the
adenosine deaminase (ADA) and purine nucleoside phosphorylase (PNP) genes.

Two

thirds of SCID cases are, however, of the X-linked form. The gene for X-SCID has been
mapped to X q ll-q l3 by a number of genetic linkage analyses (de Saint Basille et aL,
1987; Puck et aL, 1989; Goodship et aL, 1989; Puck et aL, 1990; Markiewicz et aL,
1993; Puck et aL, 1993a). X-inactivation patterns in carriers of X-SCID (Puck et aL,
1987; Conley et aL, 1988; Goodship et aL, 1988; Goodship et aL, 1991) have implied
that all haemopoetic cell lineages might express the X-SCID gene.
Recently the gene responsible for X-SCID has been identified by a candidate gene
approach (Noguchi et aL, 1993) and was found to encode the IL-2 receptor

7

chain. The

IL - 2 R 7 chain is a component of both the intermediate and high affinity IL-2 receptors
that are important for IL-2 signalling (reviewed in Taniguchi and Minami, 1993). The
IL - 2 R 7 gene was mapped to the Xcen-Xql3 region of the X-chromosome (Noguchi et
aL, 1993) making it a good candidate for the X-SCID gene. Mutations in the IL - 2 R7
gene, which all resulted in premature stop codons, were subsequently found in D N A from
three X-SCID patients (Noguchi et aL, 1993). Further mutations in the IL - 2 R 7 chain
gene in X-SCID patients have been identified by Puck et aL (1993b).
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1 .3 .1 .5 Wiskott-Aldrich syndrome
WAS is characterised by impaired cellular and humoral immunity coupled with
eczema and thrombocytopenia. The membrane sialoglycoprotein, CD43 (sialophorin),
which is involved in T cell activation (Park et aL, 1991), has been shown to be defective
in patients with WAS (Greer et aL, 1989a; Remold-0’Donnell et aL, 1984) and was
proposed as a candidate gene for this disorder.

Cloning and mapping of the gene for

CD43 showed that it mapped to chromosome 16 (Shelly et aL, 1989). In addition, a
recent study has identified patients with normal CD43 on their surface (Dragone et a L ,
1993).

The search for the Wiskott-Aldrich gene on the X-chromosome is therefore

continuing.
Genetic linkage analyses have placed the WAS locus at X p ll (Peacocke and
Siminovitch, 1987; Kwan et aL, 1988; de Saint Basille et aL, 1989; Greer et aL, 1990;
Greer et al., 1992) between the T IM P and DXS14 loci. No recombinations have been
found between the WAS disease locus and either the DXS255 or the O A T L l loci. The
consensus order of loci in the region is: X pter-D X S 7-TIM P -(0A TLl, WAS, DXS255)DXS14-cen (Greer et aL, 1992). X-inactivation studies in female carriers of the disease
have shown non-random X-inactivation in cells of all haemopoetic lineages (Fearon et aL,
1988; Greer et aL, 1989b; de Saint Basille et aL, 1992a). As there are normal levels of
these cell populations in WAS-affected individuals the WAS defect must impart a severe,
but not absolute growth disadvantage to cells of haemopoetic lineages.

1.3 .1 .6 X-linked lymphoproliferative syndrome
Individuals with XLP are unable to mount a normal antibody response to Epstein
Barr virus (EBV) infection.

Exposure to EBV can lead to infectious mononucleosis,

lymphoma and hypogammaglobulinemia (Grierson and Purtilo, 1987).

It has been

suggested that an excessive immune response to EBV transformed lymphoblasts is
mounted, which causes damage to the immune system (Sullivan et aL, 1983). Affected
males that are not exposed to EBV infection appear completely normal, furthermore, Xinactivation studies of female carriers have shown random patterns in all cell lineages
investigated (Conley et aL, 1990). The gene does not, therefore, appear to be required
for the development of any of the haemopoetic lineages and may only be activated in
response to certain types of infection.
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The XLP mutation has been mapped to the Xq24-q27 region of the X-chromosome
(Skare et al.^ 1987; Skare et al., 1989a; Skare et at., 1989b; Porta et al., 1991), near
to the DXS42 and DXS37 loci. Recently, three males with XLP have been identified
who have deletions of the Xq25 region of the X-chromosome (Sanger et aL, 1990;
Wyandt et aL, 1989; Skare et aL, 1993).

The deletions varied in extent, but all

encompassed a region around the DXS739 locus.

The aim will now be to clone the

region that is deleted in YACs and to screen for transcribed sequences. This may be a
relatively straightforward task as, although all three patients had cytogenetically
detectable deletions which encompassed a large proportion of Xq25, the only defect
manifested by these patients was XLP (Skare et aL, 1993). This suggests that there may
be few genes in the deleted region, none of which are indispensable.

1.3 .1 .7 Novel X-linked immunodeficiencies
Recently, two novel X-linked immunodeficiency disorders have been described.
In 1990, Brooks et aL (1990) described a family in which several males suffered from
symptoms including recurrent sinusitis, otitis media, bronchitis and pneumonia.

The

immunological defects in this family were mainly abnormalities in number and function
of T lymphocytes, and restricted formation of IgG antibodies,

de Saint Basille et aL

(1992b) also reported a family with an X-linked immunodeficiency which was not
consistent with any that had previously been characterised. The affected members of this
family suffered from

severe infections and showed B and T

cell

functional

immunodeficiency and defective antigen specific responses. It is possible that these two
reports represent slightly different phenotypes of the same disorder as many of the
characteristics are shared between the two disorders. I f this is the case then the family
reported by de Saint Basille et al. (1992b) show a more severe phenotype.
Genetic analysis in the family reported by Brooks et al. (1990) was limited to the
identification of an X-linked mode of inheritance. Mapping studies in the second family
(de Saint Basille et a l., 1992b) were consistent with a mutation in the proximal Xq region
near to the PGK-1 locus. This is also the region in which
section 1.3.1.4).

X-SC ID is found (see

X-inactivation studies revealed several females with non-random X-

inactivation of T and B lymphocytes identifying these women as carriers and also
implicating the gene responsible for this condition in T and B cell development.
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The

mapping data and X-inactivation results could be consistent with these disorders being an
attenuated form of X-SCID. It is also possible, however, that they represent one or two
new X-linked loci with relevance to the immune system.

1.3.2 X-linked agammaglobulinemia
X LA was the first X-linked immunodeficiency to be described (Bruton, 1952).
Affected males suffer from recurrent severe bacterial infections including bacterial
meningitis and pneumonia (Ochs and Wedgwood, 1989; Rosen et aL, 1984).

These

infections are a direct result of the almost complete absence of serum immunoglobulins
(Conley, 1985). Peripheral B cells are virtually absent in X LA patients (Conley, 1985),
although the level of preB cells in the bone marrow appear to be normal (Campana et al. ,
1990). This suggests that there is a block in the differentiation of preB to B cells in these
patients and so that the X LA gene is important for B cell differentiation. There is some
evidence that the gene may be required at more than one stage in differentiation.
Nishimoto et al. (1991) observed that the levels of proB cells in the bone marrow of
XLA patients appeared to be elevated in comparison to the normal ratios of proB and
preB cells. This suggested that the product of the X LA gene might also be required at
the proB to preB transition, the elevated levels of proB cells being caused by a
"bottleneck" in B lymphocyte differentiation.

1.3.2.1 Regional assignment of the XLA locus
1.3.2.1.1 Genetic linkage analysis
The XLA locus has been assigned to the Xq21.3-q22 region of the X-chromosome
on the basis of genetic linkage analysis.
Kwan et al. (1986) were the first to produce data from which the XLA gene could
be assigned to a region of the X-chromosome.

They showed a localisation to the

proximal long arm of the X-chromosome by showing linkage to the DXS3 (Z = 3.65 at
6 = 0.04) and DXS17 (Z = 2.17 at 0 = 0) loci. They also excluded a location on the
short arm of the X-chromosome. Mensink et al. (1986) also showed linkage of the X LA
locus to the DXS3 locus in one extended XLA pedigree (Z = 3.30 at ^ = 0.06). Since
this time the identification of new families in which the disease is segregating, the
identification of new RFLP loci and the improved mapping and ordering of these loci has
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lead to greater and greater refinement of the XLA locus. In 1987, Malcolm et a l (1987)
reported linkage to a further marker and confirmed the findings of previous linkage
studies.

Linkage to DXS17 (Z = 4.44 at 0 = 0), DXS94 (Z = 6.65 at 0 = 0) and

DXS3 (Z = 3.63 at ^ = 0.06) was shown. A recombination between the disease locus
and the DXS3 locus was identified, excluding this marker from the X LA locus, although
it was closely linked.

In a large linkage study of the long arm of the X-chromosome

using 44 pedigrees, an order for the loci identified as being linked to the X LA locus was
determined (Arveiler et a l. , 1987). This study indicated that the most likely order of loci
in the region was: cen-DXS3-DXS94-DXS17-tel.

In addition, another locus was

identified as lying in the X LA candidate region, DXS178, showed close linkage to the
DXS94 locus (Z = 10.31 at 0 = 0) (Arveiler et aL, 1987). Linkage studies using the
DXS178 marker (Guioli et at., 1989; Kwan et aL, 1990) showed it to have no
recombinations with the disease locus in over 40 informative meioses and a combined two
point LOD score of Z = 14.48 at 0 = 0 showed it to be very tightly linked to the XLA
locus.

In addition, the study by Kwan et at. (1990) identified crossovers between the

DXS94 and DXS17 loci and the XLA locus placing these as the distal flanking markers
of the XLA locus. A genetic map of the region was produced with positions being as
follows: cen- DXS3-6.5cM-(DXS178, XLA)-5cM-DXS94-3.5cM-DXS17-tel.
At around this time several new markers were isolated which mapped to the area
of interest for X LA (Dietz-band et aL, 1990; Barker et aL, 1991). Dietz-band et aL
(1990) identified five new markers mapping to the Xq21.2-q22 interval. Three of these
(DXS265, DXS327, DXS328) were placed in the same interval as the DXS178 and
DXS94 loci, and so close to the XLA locus, by Barker et aL (1991), and two additional
new loci (DXS366 and DXS442) (Barker et aL, 1991) also mapped to this interval. In
addition, the Mspl polymorphism associated with the D XS lO l locus was also mapped in
the region of the X LA locus (Barker et aL, 1991). The D X S lO l specific probe had not
been used extensively in genetic linkage analyses as it recognises at least five distinct
species, all mapping to the same region of the X-chromosome (Hofker et aL, 1987).
A preliminary mapping study (Kwan et aL, 1991) found no recombinations
between the X LA locus and any of the DXS265, DXS327, DXS366 and DXS442 loci in
nine XLA pedigrees, this confirmed the placement of these loci in the region of the XLA
locus. Close linkage was identified between the DXS265 locus and the X LA locus with
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no recombinations in 13 informative meioses (Z = 4.14 at 0 = 0).
Most recently two linkage studies have resulted in the identification of new
proximal and distal flanking markers for the X LA locus (Parolini et aL, 1993; Lovering
et aL, 1993a). Both studies identified crossovers between the DXS366 and DXS442 loci
and the disease locus allowing these to replace DXS3 as the new proximal flanking
markers of the X LA locus. A crossover between DXS366 and DXS442 (Barker et al. ,
1991) placed DXS366 proximal to DXS442 and thus DXS442 became the proximal
flanking marker of the XLA locus. A crossover was also identified between the Mspl
polymorphism at the DXSlO l locus and the XLA locus (Lovering et aL, 1993a). This
placed the copy of the D XSlO l locus associated with the Mspl polymorphism distal to
the X LA locus and thus this became the new distal flanking marker for the X LA locus.
Neither study found any recombinations between the DXS178 or DXS265 loci and the
disease locus.

There have now been no crossovers between the D X S 178 locus and

the disease locus in over 70 informative meioses and the cumulative two point LOD score
is now in excess of 30.

1 .3 .2 .1 .2 Genetic heterogeneity of XLA
XLA families have been reported in whom genetic linkage data was not consistent
with a mutation in the Xq22 region of the X-chromosome. This suggested the possibility
of a second X LA gene. In one such pedigree (Ott et aL, 1986; Mensink et aL, 1986)
two sisters were identified who each had affected sons, and in whom RFLP analysis was
not consistent with a mutation in Xq22. Further analysis revealed that the sisters had
received a defective X-chromosome from their asymptomatic father. The father was
therefore an X-chromosome mosaic, his B cells contained a normal X-chromosome, but
his spermatocytes contained a defective gene. When the linkage analysis was repeated
taking into account this paternal mode of inheritance the results did not exclude a
mutation in Xq22 (Hendricks et aL, 1989).
Mutations arising in the germline of the grandfathers of affected individuals appear
to account for a significant proportion of new X LA mutations (Lau et aL, 1988).
Recently there has been a report of females with a phenotype that is identical to
X LA (Conley and Sweinberg, 1992).

As these females do not have translocations

involving the X-chromosome and no evidence for an X-linked mode of inheritance, it was
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suggested that there may be a second gene which causes an X L A type phenotype that is
located on an autosome. Mutations in this putative second gene may be responsible for
5-10% of agammaglobulinemia patients (Conley and Sweinberg, 1992).

1 .3 .2 .1 .3 Chromosomal abnormalities
No X LA patients have been detected who have cytogenetically detectable
mutations of the X-chromosome. In addition, no patients have been detected who have
abnormalities detectable by Southern blot analysis with closely linked D N A markers.
A number of deletions and duplications have been reported in the Xq21 region of
the X-chromosome (e.g. Cremers et al., 1990b). None of these deletions extend as far
as the Xq22 band and none of the deletion patients are immunodeficient. The deletions
do not encompass the X LA locus. This may suggest that either the X LA gene or other
genes in this region are required for development.

1 .3 .2 .2 X-lnactlvatlon studies
X-inactivation studies using the study of D NA méthylation (Fearon et al., 1987;
Alterman et al., 1993), analysis of somatic cell hybrids (Conley and Puck, 1988;
Hendricks et al., 1989), and the now almost obsolete method of G 6 PD isoenzyme
analysis (Conley et a l., 1986), have all shown non-random X-inactivationin the peripheral
B cells of female X LA carriers. This indicates that the gene plays an important role in
B cell development. Other haemopoetic cell lineages show random X-inactivation and
thus the gene is not required for the differentiation of these cells.

1 .3 .2 .3 Carrier determination and prenatal diagnosis for XLA
In families with a previous history of X LA , and in which the carrier status of key
females has already been determined, RFLP analysis is used to provide carrier status
determination and prenatal diagnosis (Lovering et al., 1993a; Parolini et al., 1993). In
these cases the chromosome with which the disease is segregating (phase) is determined
by RFLP analysis in obligate carriers and affected sons. RFLP analysis of daughters of
carriers is then used to determine which X-chromosome they received from their mother.
Carrier risk is then calculated from a combination of the RFLP data and the probability
of crossovers occurring between the disease locus and the RFLP loci used in the analysis.
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30-50% of boys with X LA have no family history of the disease as they are the
first manifestation of a new mutation. In these cases the mutation may have arisen in
either the affected boy, in the asymptomatic mother, or even in the germline of an
asymptomatic grandfather (Hendricks et al., 1989). In these cases carrier status can be
determined using X-chromosome inactivation analysis on the purified B cells of females
(Conley and Puck, 1988; Fearon et al., 1987; Alterman et al., 1993). This is not the
method of choice as it is labour intensive, requires larger volumes of blood than RFLP
analysis and requires very highly purified B cells (Alterman et al., 1993).
Prenatal diagnosis is almost always carried out via RFLP analysis. Whilst it is
possible to analyze foetal blood for the presence of B cells, this is more dangerous to the
foetus than the chorionic villus sampling used to provide a D N A sample for RFLP
analysis and since this analysis is performed infrequently, it is not certain how significant
the results would be.

1 .3 .2 .4 Physical mapping studies
Prior to the start of this study very little physical mapping of the region containing
the XLA locus had been performed. Most markers had been assigned to this region as
a result of genetic linkage analysis (e.g Arveiler et al., 1987).

PFGE analysis in

conjunction with the use of rare cutting restriction enzymes (O’Reilly et al., 1992) lead
to the identification of up to five CpG islands in the vicinity of the DXS178 locus.
Considering the tight linkage of the XLA locus to the DXS178 locus these CpG islands
were considered as marking possible candidates for the X LA gene (O ’Reilly et a l., 1992).
During the course of this study two reports were published detailing extensive
physical mapping in the distal part of the X LA locus. Vetrie et al. (1993a) produced a
5.2Mb physical map using a combination of PFGE analysis and YAC clones, and
extending from the DXS178 locus to the DXS87 locus.

O ’Reilly et al. (1993) used a

combination of PFGE and irradiation hybrid mapping to order eleven loci in the same
region.
There is some discrepancy between the findings of the two studies. Both studies
map the DXS94, DXS147, DXS17 and DXS87 loci to a 2.7Mb region and the DXS24,
DXS54, DXS83 and PLP loci to a region of approximately 1.6Mb (Vetrie et al., 1993a;
O’Reilly et al., 1993). The studies differ in the ordering of these regions. Vetrie et al.
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(1993a) place the 1.6Mb group proximal to the 2.7Mb group on the basis of a YAC
clone, whereas, O ’Reilly et al. (1993) place these two groups of loci in the opposite
orientation on the basis of data obtained from irradiation hybrid clones. As irradiation
hybrid clones can be prone to rearrangement or may contain non-contiguous DNA
fragments (Goodfellow and Pritchard, 1988; Benham et ah, 1989) the order given by
Vetrie et al. (1993a) is most likely to be correct.

Both groups identified a region of

approximately 1.5Mb containing the DXS178 locus but only Vetrie et al. (1993a) were
able to link this to any of the other markers by the use of overlapping YA C clones.
Almost all of the clones used were chimeric, however, and so there may still be some
doubt about this linkage (Vetrie et al.y 1993a).
The only published mapping in the region proximal to the X LA locus (Parolini
et al. , 1993) placed the DXS366 and DXS442 loci within 430kb of each other. The same
study also placed the DXS265 locus within 50kb of the DXS178 locus. There has been
a preliminary report of the mapping and cloning of the entire X L A candidate region in
YACs (Vetrie et al.y 1993c) but no details of this have yet been published.

These

mapping studies of the proximal and distal regions of the X L A locus all took place
concurrently with the work presented in this thesis.

1.3.3 Cloning of the gene responsible for XLA
In 1993, there were two almost simultaneous reports of the cloning of a gene
involved in XLA (Vetrie et al.y 1993b; Tsukada et al. y 1993).

The two studies used

complimentary approaches, Tsukada et al. (1993) used a candidate gene approach to
isolate genes involved in B cell signalling, whereas Vetrie et al. (1993b) used a positional
cloning approach to isolate specifically the gene involved in X LA .
In the study by Tsukada et al. (1993), the tyrosine kinase domain of the human
LTK gene was used to screen a B cell progenitor cDNA library in order to isolate
tyrosine kinases involved in B cell differentiation and signalling.

One of these clones

contained a unique sequence that was expressed in all stages of B cell development but
not in T lineage cells. Fluorescent in situ hybridisation and somatic cell hybrid analysis
showed that this sequence mapped to the Xq22 region of the X chromosome making it
a candidate for the XLA gene, and more detailed mapping with YACs placed it within
200kb of the DXS178 locus. Finally, deficient expression or activity of this gene, or its
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protein product was demonstrated in individuals affected with X LA .

The gene was

named BPK (for B cell Progenitor Kinase) and was highly likely to be the gene involved
in X LA .
In the positional cloning strategy (Vetrie et al., 1993b) a 630kb, DXS178 positive
YAC was selected from a contig covering the entire X LA candidate region (Vetrie et al.,
1993c). This was used for direct selection (Lovett et at., 1991; Parimoo et at., 1991)
of cDNAs from a B lymphocyte specific cDNA library.

Isolated cDNAs were pooled

and used to screen Southern blots of D N A from X LA patients and to screen cosmid
libraries.

Cosmids were then used in in situ hybridisation.

A group of cDNAs was

identified that detected altered fragments in DNA from X L A patients, and hybridised to
cosmids that mapped to the Xq21.3/Xq22 boundary by in situ hybridisation. These were
all from the same gene and a full length cDNA clone was isolated. This was found to
be expressed in all B lineage cells as well as in adult lung and pancreas and encoded a
non-receptor tyrosine kinase.

The gene was named ATK (for Agammaglobulinemia

Tyrosine Kinase). Physical mapping of the ATK sequence was undertaken and the gene
was found to cover a region of approximately 20kb and was 50-70kb centromeric of the
GLA locus. This had already been mapped to within 200kb of the DXS178 locus (Vetrie
et al., 1993a). This meant that the ATK gene lay within 300kb of the DXS178 locus,
explaining their tight genetic linkage.
Comparison of the ATK and BPK sequences revealed that they were the same
gene. This has since been renamed BTK (for Brutons Tyrosine Kinase) as the evidence
now leaves no doubt that this is the gene responsible for XLA .

1.3.4 XLA and growth hormone deficiency
There have been three reports of individuals in whom X LA is associated with
growth hormone deficiency (Fleischer et al., 1980; Conley et al., 1991; Sitz et al.,
1990). In at least one of these cases there was no evidence for a cytogenetic abnormality
and RFLP analysis indicated a locus coincident with that for classic X L A (Conley et a l.,
1991). The gene for human growth hormone maps to human chromosome 17 (Owerbach
et al., 1980), so this is unlikely to be the gene responsible for the deficiency in these
patients.

No patients have been identified with X-linked growth hormone deficiency

alone, which suggests that the underlying defect is in the same gene as X LA , but that
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only a small minority of the mutations in this gene cause growth hormone deficiency.
It is difficult to envisage how the recently cloned BTK gene might cause growth hormone
deficiency, but one suggestion is that infection of X L A patients with neurotropic viruses
may affect the pituitary gland and so lead to growth hormone insufficiency.
Understanding of this condition will await identification of the causative mutation in these
patients and analysis of the normal function of the gene.

1 .3.5 Identification of the murine homologue of the XLA gene
The mwxmt xid mutation, carried in the CBA/N mouse strain, has been proposed
as the murine homologue of the X LA gene on the basis of both its map location and some
similar phenotypic features.

The xid mutation maps to a region of the mouse X

chromosome which has shown conservation of synteny with the Xq22 region of the
human X-chromosome, between the Pgk~l and Pip genes which correspond to the human
PGK-1 and PLP genes (Brown, S. et a l , 1992). Both

xid and X LA mutations result

in abnormal differentiation and function of B lineage cells (Hardy et al., 1983; Conley,
1985).

There are, however, some important phenotypic distinctions between the two

disorders. Whilst XLA patients have a virtual absence of circulating B cells and
immunoglobulins of all subclasses, xid mice have circulating B cells, although these are
moderately diminished in number and have an immature phenotype.

The antibody

deficiency in xid mice is restricted to low serum levels of IgM and IgG3 and an inability
to raise an antibody response to polysaccharide antigens (reviewed in Beming et al.,
1980).
The mutation responsible for the xid phenotype has recently been identified
(Thomas et al.,

1993; Rawlings et al., 1993; Hinshelwood et al., unpublished

observations) and has indeed been found to be in the murine homologue of the BTK gene.
Mice that carry the xid mutation have an Arg -> Cys mutation in the unique region of the
mouse Btk protein. This mutation does not directly affect the tyrosine kinase domain of
the protein which may explain the less severe phenotype seen in xid mice.

The gene

function may not be completely abrogated, and as the mice are an inbred strain, there is
no spectrum of more severe mutations.

Alternatively the different phenotypes of the

human and murine disorders may be a result of differing functions of the gene due to the
divergent evolution between the two species, or may reflect other differences between the
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murine and human immune systems. Further study of both the human and murine genes
and their protein products will be required to address this issue.

1.4 Aims of this study
The work presented in this thesis formed part of a study to isolate, by a positional
cloning approach, the gene responsible for XLA . Three complimentary approaches to
this problem were employed:
■ the commencement of a chromosome walk towards the CpG islands that had
been identified in the region of the DXS178 locus (O ’Reilly et al., 1992), with the aim
of cloning these and screening for transcribed sequences that would be candidates for the
X LA gene.
■ the continued physical mapping of the Xq22 region of the X-chromosome and
the incorporation of any newly isolated DNA markers into this map, with the aim of
obtaining a physical size, and a complete physical map of the X L A candidate region.
■ the screening of D NA from X LA patients with markers closely linked to the
X LA gene, with the aim of detecting patients with deletions or other chromosomal
abnormalities, which would be useful in narrowing the region in which the X LA gene
could lie, and providing a focus for directed cloning attempts.
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Chapter 2

Materials and methods
2.1 Cell culture
2.2 Pulsed field gel electrophoresis
2.3 Preparation of D NA in solution
2.4 Southern blot analysis of DNA
2.5 Hybridisation of nylon membranes
2.6 Cloning of DNA fragments
2.7 Riboprobes
2.8 Cosmid library screening
2.9 Preparation of RNA
2.10 Preparation of cDNA
2.11 Polymerase chain reaction (PCR) amplification of D NA
2.12 Immobilisation of PCR amplified DNA on Dynabeads
2.13 Sequencing
2.14 Reagents

All reagents were purchased from Sigma unless otherwise stated. Plasticware was
purchased from Marathon unless otherwise stated.

Plasticware was sterilised where

necessary by autoclaving at 121 °C for 15 min. Restriction enzymes were purchased from
Northumbria Biologicals Ltd where possible, or otherwise from New England Biolabs
Ltd.

2.1 Cell culture
2.1.1 EBV transformed B cell lines
EBV transformed B cell lines were cultured in RPM I 1640 medium (Gibco)
supplemented with 20% (v/v) PCS (Seralab), 2mM L glutamine (Gibco) and 40^g/ml
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gentamycin (Cidomycin, Roussel), at 37°C under 5% (v/v) CO 2 . Fast growing lines
were transferred to medium supplemented with 10% (v/v) PCS and other supplements
as above.

2 .1 .2 Primary fibroblasts
Primary fibroblasts were cultured in Nutrient FIG (Ham) medium (Gibco)
supplemented with 15% (v/v) PCS, 2mM L glutamine and 40/xg/ml gentamycin at 37°C
under 5 % (v/v) CO 2 .

2 .1 .2 .1 Preparation of primary fibroblast cultures
Skin biopsy samples of about 0.1 g were placed into 4ml of culture medium.
These were dissected into small fragments and transferred to three small culture flasks.
The fragments were distributed around the flasks and allowed to adhere for 5 min. 5ml
of culture medium was added, taking care not to dislodge the attached fragments. The
flasks were incubated at 37°C under 5% (v/v) CO 2 undisturbed for 1 week. The cultures
were examined for outgrowth of fibroblasts from the skin fragments, which were cultured
as above.

2 .1 .2 .2 Subculturing of fibroblasts by trypsinisation
The monolayer of fibroblasts was washed three times with sterile PBS “A ”
(Oxoid) to remove serum. Trypsin solution (2.5% (w/v) in normal saline, Gibco) was
added in sufficient quantity to just cover the cell layer and the flask was placed at 37°C
for 5 min.

The cells were detached from the flask using a cell scraper and 10ml of

culture medium was added. This cell suspension could be: used to seed new cultures,
frozen (see section 2.1.5), or used for the preparation of DNA.

2 .1 .3 Preparation of PHA-stimulated primary I cell blasts
20ml of peripheral blood was taken from the subject and a control into
preservative-free heparin.

Lymphocytes were isolated by separation on Ficoll density

gradients (see section 2.2.1.2) and counted in 1/10 dilution in 1 % (v/v) acetic acid using
a haemocytometer. Cells from the control were resuspended at 1 x 10^ cells/ml in culture
medium, cells from the subject were resuspended at 2 x 10^ cells/ml. The control cells
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were irradiated at 2000 rads in a Gammacell irradiator.

1ml of each of the cell

suspensions were mixed in 15ml tubes (Falcon) and the cells pelleted together. The cell
pellet was resuspended in 10ml of T cell stimulation medium (RPM I 1640 supplemented
with 20% (v/v) PCS, 2mM L glutamine, 40/itg/ml gentamycin, 25U/ml IL-2 and
330^g/ml PH A (Wellcome diagnostics), transferred to small tissue culture flasks and
incubated at 37°C under 5% (v/v) CO 2 for three days.

The cells were counted and

resuspended at 2 x 10^ cells/ml in T cell stimulation medium lacking PHA and cultured
for a further 4 days.

Cells were then harvested for D N A preparation (see sections

2.2.1.4 and 2.3).

2 .1 .4 Long term storage of tissue culture cells
2 .1 .4 .1 Preparation of tissue culture cells for storage In liquid nitrogen
Cells were resuspended at 2 x 10^ cells/ml in growth medium and placed on ice.
To this cell suspension an equal volume of medium containing 60% (v/v) PCS and 20%
(v/v) DMSO (BDH) was added. This mixture was aliquotted into cryotubes (Iml/tube),
which were placed in an insulated container at -70°C. After 48h they were transferred
to liquid nitrogen.

2 .1 .4 .2 Thawing of frozen cells
Frozen cells in cryotubes were plunged into a waterbath at 37°C. When almost
thawed the cell suspension was transferred to a 15ml tube containing 9ml of prewarmed
growth medium. The cells were pelleted at 250g in a bench top centrifuge for 5 min and
resuspended in 10ml of appropriate culture medium. This was transferred to a small
culture flask and incubated at 37°C under 5% (v/v) CO2 . Cells were checked after 24h
and growth continued according to the protocols given above.

2.2 Pulsed field gel electrophoresis
The methods used for agarose block formation, enzyme digestion, running and
blotting of PFGE gels were adapted from a protocol supplied by Drs.
Lehrach (ICRF, London).
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Barlow and

2.2.1 Preparation of DNA in agarose blocks
2.2.1.1 From blood less than 8 hours old
10-50ml of blood, taken into preservative-free heparin, was mixed with an equal
volume of Dextraven-110 (Fisons pic), and allowed to sediment at room temperature for
40-45 min. The upper layer, containing the nucleated cells, was transferred to a fresh
tube and the cells washed twice in PBS “A ” .

The cells were then resuspended in

PBS “A ” to a concentration of 22.8 x 10® cells/ml.
A 1 % (w/v) solution of low gelling temperature agarose (InCert, FM C ) in PBS
“A ” was prepared and mixed with an equal volume of the cell suspension. 70/xl aliquots
of this mixture were dispensed into prechilled block formers (LKB). After 15 min the
blocks were transferred to 50ml tubes (Falcon), 20-30 blocks/tube. 2.5ml of a solution
of 0.45M EDTA, 1% (w/v) SDS and 2mg/ml Proteinase K was added. The tubes were
incubated at 50°C for 48-72h. The blocks were rinsed 4 times for 15 min each in TE
(pH 8.0) at 50°C zmd then incubated for 60 min in a freshly prepared solution of 40/xg/ml
PMSF in TE (pH 8.0) at 50°C to inactivate the residual Proteinase K.

The PMSF

solution was changed once during this incubation.

2 .2 .1 .2 From blood 8-72 hours old
10-50ml of blood taken into preservative free heparin was mixed with an equal
volume of PBS “A ”. This mixture was layered onto an equal volume of Ficoll-Hypaque
(Pharmacia) and centrifuged at 800g for 20 min.

The lymphocyte rich interface was

removed to a fresh tube. The cells were washed twice in PBS “A ” and resuspended at
a concentration of 22.8 x 10® cells/ml. Blocks were then prepared as above.

2 .2 .1 .3 From neutrophils
This procedure was used when the lymphocytes from a blood sample were
required for other purposes, such as EBV transformation.

The lymphocytes were

removed by separation on Ficoll gradients as given in section 2.1.1.2. The plasma and
Ficoll were gently poured off and the remaining neutrophil and red cell pellet was
resuspended in PBS “A ” such that the final volume was equivalent to the volume of the
original blood sample. Blocks were then prepared as given in section 2.1.1.1.
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2 .2 .1 .4 From tissue culture cells
Cells were harvested 24-48h after addition of fresh medium so that the majority
of the cells were not dividing rapidly. Adherent cells were trypsinised (section 2.1.2.2)
and cells were counted in 1:1 dilution in trypan blue (Flow laboratories) and viability
determined. Cultures that were less than 75 % viable were separated on Ficoll gradients
(as given above) to remove dead cells. The cell concentration was adjusted to 22.8 x 10**
cells/ml, and blocks made as previously.

2 .2 .1 .5 Storage of DNA blocks
Blocks were stored at 4°C in 0.5M EDTA (pH 8.0). No loss in D N A quality was
observed over several months of storage. The EDTA solution was replaced every 3-6
months.

2 .2 .1 .6 Assessment of DNA blocks for degradation
Prior to enzyme digestion, blocks were assessed for D N A degradation. One block
from each new batch was incubated overnight in 130^1 D W at 37°C.

This was then

loaded onto a gel and electrophoresed using PFGE conditions designed to separate DNA
of up to 1Mb in size.

I f the blocks were of good quality, no significant migration of

D N A was seen out of the well. I f degradation was apparent, the proteinase K digestion
step was repeated for

2 0

h and the blocks retested.

2 .2 .2 Preparation of size standards for PFGE
Two types of size markers were used to standardise pulsed field gels. For the
majority of runs, whole yeast chromosome preparations were used.

Saccharomyces

cerevisiae strain YP148 (provided by Dr Don Williamson, N IM R , M ill H ill, London) has
chromosomes of sizes: 92, 213, 276, 351, 441, 550, 598, 681, 752, 791, 824, 940, 970,
1025, 1115, 1500 and 25(X)kb (Jones et al., 1989). Hansemla wingeii (provided by Dr
Peter Jones, MRC, Cambridge) has chromosomes of sizes: 1.03, 1.25, 1.5, 1.8, 2.6, 2.9
and 3.3Mb. Schizosaccharomyces pombe has chromosomes of sizes 3.5, 4.5 and 5.7Mb.
For runs in which fragments of under 200kb were to be resolved, bacteriophage X
concatamers were used.

A monomer of bacteriophage X is approximately 48.5kb,

concatamers are multiples of this.
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2 .2 .2 .1 . Preparation of yeast chromosomes for PFGE size markers
100ml YEPD medium was inoculated with yeast of the desired strain and
incubated at 30°C until the yeast division had reached late log phase.

The

yeast

suspension was divided between two 50ml tubes, the cells were pelleted at 1200g for 5 min,
washed in 50mM EDTA (pH 7.5) and then resuspended in a drop of the EDTA solution.
A 1 % (w/v) solution of low gelling temperature agarose (SeaPlaque, FM C ) was
made in IM sorbitol, 20mM EDTA, 14/iM fi-ME and held at 42°C. 2ml of a solution
of IM sorbitol, 20mM EDTA, 14/xM fi-ME and 1mg/ml Zymolyase-IOOT was added to
the yeast suspension, followed by 2.5ml of the agarose solution.
dispensed in lOO/il aliquots into prechilled

This mixture was

block formers.

Blocks were transferred to two 50ml tubes each containing 25ml of a solution of
IM sorbitol, 20mM EDTA, 14/iM

8

-M E, lOmM Tris-HCl, pH 7.5, and 1mg/ml

Zymolyase-IOOT and incubated at 37°C for 2h. This solution was replaced with 25ml
of filter sterilised yeast lysis solution (1% (w/v) SDS, lOOmM EDTA, lOmM Tris-HCl,
pH 8.0) and the tubes incubated at 37°C for a further 30-60 min.

This solution was

changed once and the incubation continued overnight. The blocks were stored in 5 -10ml
of yeast lysis solution at 4°C.

Between 1/3 and 1 block (equivalent to 0.5-1/xg DNA)

was used per track.

2 .2 .2 .2 Long term storage of yeast
Yeast colonies were stored on YEPD plates for several months at 4°C.
plates were made every 2-3 months for H. wingeii and every

6 -8

Fresh

months for the other

two strains. In addition, overnight inoculates were stored in 15% (v/v) glycerol at
-70°C.

2 .2 .2 .3 Preparation of lambda concatamers (Anand, 1987)
X D NA was mixed, to a final concentration of 200/xg/ml, with 3% (v/v) FicollHypaque (Pharmacia) in 2 x SSC. The mixture was incubated at 37°C for 30 min and
then at room temperature overnight. This D NA was subsequently handled with Gilson
tips that had been widened with a scalpel to avoid sheairing the D N A .
loaded per track.
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5/tl (1/xg) was

2 .2 .3 Enzyme digestion of DNA in agarose blocks.
D N A Blocks were washed 3-4 times, for 20 min each, in 20-50ml TE (pH 8.0)
to remove EDTA. The following were mixed in a 1.5 ml tube:
90fi\

DW

10^1

lOmg/ml BSA

20fjL\

1 0

10/xl

spermidine (0.1 M )

30U

restriction enzyme.

X enzyme digestion buffer (supplied by enzyme manufacturer)

A 70/il D N A block was then added. This was incubated at the appropriate temperature
overnight. For enzymes that were prone to partial digestion, or which had a low thermal
stability, a further 30U enzyme was added and incubation was continued for a further 34h.
For multiple enzyme digests, the DNA block was first incubated with the enzyme
with the lowest salt requirement, as described above.

The D N A block was then

transferred into a 7ml bijoux bottle and washed 3-4 times, for 20 min each, in TE (pH
8.0). The second enzyme digest was then carried out as above.
To create partial digestion, serial dilutions of enzyme in 1 x enzyme digestion
buffer were prepared. Digestions were set up as above, but using 30, 10, 3, 1, 0.6, 0.3 or 0.1
units of enzyme per block. These were incubated on ice for Ih to allow the enzyme to
diffuse into the block and then at the temperature appropriate to the enzyme for 3h.
Blocks were placed at 4°C for Ih prior to loading onto the gel.

2 .2 .4 Pulsed field gel electrophoresis
All gels were electrophoresed on the LKB Pharmacia Pulsaphor apparatus with
the LKB hexagonal electrode kit. This is a CHEF system. The switching of the power
supply between sets of electrodes was controlled using either the LKB Pulsaphor
apparatus or a Flowgen EPS switch unit. The combination of voltage and switch time
used for each gel are described in the figure legends in the results sections.

Gels that

were run for more than 72h had the buffer changed at least every 72h.
A 0.6-1.2% (w/v) agarose (SeaKem GTG, FM C) gel in 0.5 x TBE was prepared.
D NA blocks were placed into the wells using a small spatula to ease the wells open.
Care was taken to exclude air bubbles from the wells. The wells were sealed with 0.5%
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(w/v) agarose in 0.5 x TBE. The gel was electrophoresed for 16-240h, at the desired
conditions, in 0.5 x TBE. The temperature was controlled using a thermostatic circulator
(LKB MultiTemp II or Techne RB 5) such that the final temperature of the buffer was
between 10°C and 14°C.

2 .2 .5 Southern blotting onto nylon membranes
After electrophoresis, gels were stained for 20 min in 500ng/ml ethidium bromide
prepared in D W , examined under U V transillumination and photographed. As the D N A
species were large they were fragmented by depurination, prior to denaturing, to aid
transfer. Gels were incubated in 240mM HCl for 20 min, and then in a solution of 1.5M
NaCl, 0.5M NaOH for 60 min, changing the solution once during this second incubation.
The gels were neutralised in a solution of 1.5M NaCl, Im M EDTA, 0.5M Tris-HCl, pH
7.2, for 20 mins prior to capillary blotting in 20 x SSC onto Hybond N"^ (Amersham
Int., UK) nylon membranes. After blotting the membranes were fixed in 0.4M NaOH
for 10 min, rinsed twice in 2 x SSC and air dried.

2 .3 Preparation of DNA in solution
2.3.1 Preparation of DNA from Blood
10ml of peripheral blood were taken into 50ml tubes containing a drop of 0.5M
ED TA . This was topped up with ice-cold distilled water and mixed to lyse cells. The
nuclear pellet was recovered by centrifugation at 2000^, at 4°C for 20 min and then
resuspended in 25ml ice cold 0.1% (v/v) Nonidet P40. The nuclei were pelleted again
and resuspended in 7ml filtered 6 M guanidinium hydrochloride. 500/d 7.5M ammonium
acetate, 5(X)/d 20% (w/v) sodium sarkosyl and 75/d lOmg/ml Proteinase K were then
added and the tubes were incubated at 60°C for at least 2h. The D N A was precipitated
by the addition of 17ml absolute ethanol, threads were spooled out and redissolved in 1ml
of TE (pH 8.0). For purer samples, the DNA could be reprecipitated by the addition of
100/d 3M sodium acetate and 2.5ml ice cold absolute ethanol and placing at -20°C
overnight. It was then recovered by centrifugation at SOOOg at 4°C for 30 min and the
pellet washed gently in 80% (v/v) ethanol before being dried and resuspended in 1ml TE
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(pH 8.0). The DNA concentration was determined as given in section 2.3.3.

2 .3 .2 Preparation of DNA from eukaryotic cell lines
Cultured cells were harvested (section 2.1), resuspended in 2.5ml lysis buffer
(lOmM Tris-HCl, pH 8.0, lOmM EDTA, lOmM NaCl, 0.5% (w/v) SDS, 100/^g/ml
proteinase K) and incubated overnight at 50°C. The D NA was extracted with phenol,
saturated with 0.05M Tris-HCl pH8.0, once and with phenol :chloroform (1:1, v/v) twice.
20/xl 5mg/ml RNAse A (heat inactivated at 95°C for 5 min prior to use) was added and
the mixture incubated at 37°C for 30 min. The D NA was extracted once again with
phenol:chloroform and then twice with chloroform alone and precipitated by the addition
of 0.1 volume of 3M sodium acetate and 2.5 volumes absolute ethanol. The DNA was
pelleted at 8000g for 10 min, washed in 80% (v/v) ethanol, dried and redissolved in 1ml
TE (pH 8.0). The D N A concentration was then determined as given in section 2.3.3.

2 .3 .3 Determination of DNA concentration
2.3.3.1 Spectrophotometric determination
D N A was diluted 1/50 in TE and the optical density determined on a
spectrophotometer at both 260nm and 280nm against a TE blank. The optical density at
260nm was used to determine DNA concentration, an optical density of 1 unit
corresponding to a D N A concentration of 50fig/ml for double stranded D N A in a cell
with a 1cm path length.

The ratio of the two readings (O .D . 2 6 c/O.D.2 8 o) was used to

estimate the purity of the sample. Pure preparations had a ratio of 1.8. Values lower
than this indicated contamination with protein or organic solvents.

2 .3 .3 .2 Estimation using ethidium bromide fluorescence
This method utilized the UV induced fluorescence emitted by ethidium bromide
molecules when they are intercalated into DNA.

The fluorescence of the sample is

proportional to the mass of D NA present provided that the ethidium bromide is in excess.
A piece of plastic film (Saranwrap, Dow chemicals) was placed onto a U V
transilluminator and several 10^1 aliquots of 500ng/ml ethidium bromide were pipetted
onto it.

Ifxl of each of a series of solutions containing X D N A at a range of

concentrations from 1 - lOO/ig/ml were mixed into the ethidium bromide drops,
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l^^il of

sample D N A was mixed into another drop. The concentration of the sample D N A was
estimated by comparison of the U V fluorescence with that of the X standards.

2 .4 Southern blot analysis of DIMA
2.4.1 Digestion of DNA
0.5 - 1/xg of D N A in solution was transferred to a 1.5ml tube and the following
were then added:
5/xl

10 X buffer (supplied by enzyme manufacturer)

2^1

lOmg/ml BSA

20 - 40U

restriction enzyme

D W to 50/xl
This was incubated at the appropriate temperature for 2h. A further aliquot of enzyme
was added and the mixture incubated for a further

2

- 18h.

2 .4 .2 Electrophoresis and blotting
0.8% (w/v) agarose gels were cast in 1 x TAB with 500/xg/ml ethidium bromide.
10% (v/v) sample loading buffer was added to the D NA samples to be electrophoresed,
and these were loaded onto the gel along with DNA size markers (l^ g Hinûlll digested
X D N A , or l^g Ikb ladder markers (BRL)). The gel was electrophoresed in 1 x TAB
with a voltage gradient of 2V/cm

for

16-20h and then examined with U V

transillumination. The gel was denatured as given in section 2.2.5 except that the acid
depurination step was omitted.

2.5 Hybridisation of nylon membranes
2.5.1 Preparation of radiolabelled DNA probes (Feinberg and Vogelstein,
1983, 1984)
50ng of the DNA to be labelled was transferred to a 1.5ml tube and made up to
30fi\ with DW . This was heated to 98°C for 5 min and then placed on ice for 1 min.
2/xl lOmg/ml BSA, 10/d OLB solution (see section 2.14), 2U Klenow D N A polymerase
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(Northumbria Biologicals Ltd) and 50/xCi of [a-^^P]-dCTP (3.3/xM, lOmCi/ml, ICN)
were added and the mixture incubated at 37°C for 3h or at room temperature overnight.

2 .5 .2 Removal of unincorporated [a-^^P]-dCTP using Sephadex G50
spin column chromatography
A 1ml syringe was plugged with polymer wool and filled with Sephadex G50
(Pharmacia) prepared in TE (see section 2.14). This was packed by centrifugation for
3 min at 300^ and then washed with 3(X)^1 of TE.

The 50^1 labelling reaction was

stopped by the addition of 250/xl of TE and loaded onto the column. The column was
centrifuged again and the eluted probe transferred to a 1.5ml tube. The activity of the
recovered D NA probe was determined by counting a 2fi\ aliquot in a benchtop 15 counter.

2 .5 .3 Preannealing of probes containing repetitive sequences
2.5 .3 .1

Preparation of high concentration sonicated human DNA from

leukaemic cells
30-50ml of leukaemic cells obtained by plasmapheresis of leukaemia patients was
divided between four 250ml centrifuge bottles.

These were vortexed for 5 min to

disperse the cells, 10ml of ice cold DW was added and the bottles vortexed again to
produce a homogeneous mixture. DNA was then prepared from this mixture using a 10
X scale up of the method given in section 2.3.1, except that the Proteinase K digestion
step was carried out overnight. The DNA was not reprecipitated. The DNA solution
from the four samples was pooled. This solution was chilled and sonicated at high power
for at least

6

min or until the solution ceased to be viscous and air bubbles rose swiftly

through it. 20/ri of this solution was loaded onto a 1% (w/v) agarose gel with Hin6 III
digested X D NA size standards and the average size of the D N A fragments was
determined. I f this was larger than 500bp then the sonication step was repeated and the
fragment size rechecked. The concentration of the D NA was determined and the total
amount present was calculated.

The DNA solution was precipitated by adding 0.1

volume 3M sodium acetate and 2.5 volumes absolute ethanol, and incubating at -20°C
overnight. The D N A was pelleted by centrifugation at 8000g for 30 min at 4°C and
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resuspended in TE (pH 8.0) to a final concentration of lOmg/ml.

2 .5 .3 .2 Preannealing probes containing repetitive sequences
Some of the D N A probes used contained repetitive sequences and it was necessary
to preanneal these in order to avoid a very high background signal.

2 .5 .3 .2 .1 Preannealing in 6 x SSC
The volume of radiolabelled probe required to give 10^ dpm/ml hybridisation
solution was determined and transferred to a 1.5ml microtube.

1.2 volumes 20 x SSC,

1.2 volumes lOmg/ml human sonicated DNA and 1.4 volumes TE (pH 8.0) were added
and the mixture heated to 98°C for 10 min. The mixture was incubated at 65°C for l-3h
and then added directly to prehybridised membranes.

2 .5 .3 .2 .2 Phenol enhanced reassociation (PERT).
The volume of radiolabelled probe required to give 10^ dpm/ml hybridisation
solution was determined and transferred to a 1.5ml microtube. l/25th volume of lOmg/ml
human sonicated D N A was added, the volume was made up to 900/zl with TE (pH 8.0),
and the mixture heated to 98°C for 10 min. 100/xl of IM sodium phosphate buffer, pH
7.2 was added, followed by 500^1 of phenol (saturated with 0.05M Tris-HCl, pH 7.0).
The tube was vortexed vigorously for 2 min to produce an emulsion, it was then placed
in an environmental shaker running at 330rpm to keep the phenol/probe mixture in an
emulsion for 16-18h. The mixture was centrifuged at 12000g for 10 min to separate the
two phases. The top, aqueous layer was removed and added directly to prehybridised
membranes.

2 .5 .4 Prehybridisation of membranes
Membranes were wetted in 2 x SSC, interleaved with nylon mesh and placed into
hybridisation bottles (Hybaid). 10ml “Church” hybridisation buffer (see section 2.14),
preheated to 65°C, was added per membrane.

100/xg/ml human sonicated D NA which

had been denatured by heating to 98°C was added to the hybridisation buffer if a phenol
reassociated probe was to be used. The bottle was placed in a “rôtisserie” hybridisation
oven (Hybaid) and incubated at 65°C, rotating, for a minimum of 3h.
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2 .5 .5 Hybridisation
Probes that had not been preannealed were denatured by heating to 98®C for 5
min. They were then added to the prehybridised membranes at a final concentration of
10^ dpm/ml. The membranes were then returned to incubation at 65°C, rotating, for 162 0

h.

2 .5 .6 Washing of membranes to remove non-specifically bound
probe
Membranes were transferred to a plastic box and washed in a solution of 3 x SSC,
0.1% (w/v) SDS at room temperature for 20 min. This washing step was repeated twice
more. Membranes were then washed sequentially in solutions of 0.1% (w/v) SDS with:
2

X

SSC, 1 X SSC, 0.5

X

SSC, 0.2 x SSC or 0.1 x SSC each at 65°C for 30 min. The

stringency of the wash increases with decreasing concentrations of SSC. After each wash
the membranes were monitored with a hand held monitor. Washing was ceased when the
edges of the filter were reduced to background levels of activity. The membranes were
placed on 3M M (Whatmann) paper to remove excess surface moisture, and then wrapped
in plastic film.

2 .5 .7 Autoradiography
Membranes were exposed to X-ray film (XAR-5, Kodak) at -70°C with two
intensifying screens (Lightning Plus, Cronex, Dupont) for 1-3 days.

The films were

developed and examined and the membranes were re-exposed for a longer period if
required.

2 .5 .8 Stripping of membranes
In order to rehybridise membranes bound probe had to be removed. Membranes
were incubated in a solution of 2mM EDTA, Im M Tris-HCl (pH 8.0), 0.1% (w/v) SDS
which had been heated to 98°C until the solution had cooled to room temperature. They
were then re-exposed to X-ray film as before.
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2.6 Cloning of DNA fragments
2.6.1 Preparation of insert DNA
1-5/ig of DNA from the cosmid or plasmid from which the insert fragment was
to be cloned was digested with the appropriate enzyme as given in section 2.4.1. This
was loaded onto a 1% (w/v) low melt point agarose gel along with Hindlll digested X
D N A size markers and electrophoresed with a voltage gradient of 10-15V/cm for 2-4h.
The D N A was visualised with U V transillumination and the desired fragment excised.
The D N A was either extracted from the agarose using the Geneclean II kit (Bio 101), and
the instructions supplied therein, or the agarose was digested away using “agarase” , as
described below.

2.6 .1.1 Extraction of DNA from agarose using "Agarase"
The gel slice was placed in a 1.5ml microtube and 2/xl 50x agarase buffer
(Epicentre Technologies) was added per lOOmg of gel. This was incubated at 70°C until
the gel was completely molten and then equilibrated at 40°C for 10 min.

lU agarase

(“Gelase”, Epicentre Technologies) was added per 300mg of 1% (w/v) gel.

This

quantity was adjusted accordingly for higher or lower percentage gels. The mixture was
incubated at 40°C for l-2h. An equal volume of 5M ammonium acetate and 2.5 volumes
of ethanol were added to the resulting solution and this was placed at -20°C overnight.
The D N A was pelleted by centrifugation at 120(X)g for 30 min, the pellet was washed in
70% (v/v) ethanol and resuspended in \0-20pd TE (pH 8.0).

2 .6 .2 Preparation of vector DNA
The vector of choice for most sub-cloning experiments was pBlueScript
(Stratagene) as this allowed easy identification of transformants containing insert as these
were white, whereas colonies containing vector alone were blue.
digested and purified as given above.
concentration of l(X)ng//xl.
religation of vector.

Vector D N A was

The D N A was resuspended in D W to a final

and then treated with alkaline phosphatase to prevent

8/^1 cut vector D N A solution, 1/zl lOx phosphatase buffer

(Boerhinger Mannheim) and lU

calf intestinal alkaline phosphatase (Boerhinger

Mannheim) were mixed in a 1.5ml microtube. This was incubated at 37°C for 30 min
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and then heated to 65 °C for 10 min to inactivate the phosphatase prior to ligation of
insert.

2 .6 .3 Ligation of insert and vector DNA
Insert D NA was mixed with lOOng vector D NA at a molar ratio of 3:1, in a
volume not exceeding 10/^1, in a 1.5ml microtube. 2/xl lOx T4 ligase buffer (NBL), lU
T4 D N A ligase (NBL) and D W to 20/xl were added. This mixture was incubated at 16°C
for 16-20h.

2 .6 .4 Transformation of Escherichia coii
2.6 .4.1 Preparation of competent cells
E. coli (strain SURE (Stratagene)) was cultured at 37 °C in an environmental
shaker until bacterial division had reached the mid log phase, estimated at being when
the optical density of the medium, read at 550nm, had reached 0.4-0 . 6 absorbance units.
The bacterial cells were pelleted by centrifugation at 2000^ for 10 min at 4°C and
resuspended in 10ml lOmM NaCl. The cells were pelleted again, resuspended in 20ml
lOOmM CaCl2 and incubated on ice for 20 min.

Finally the cells were pelleted once

again, resuspended in 4ml lOOmM CaCl2 and incubated on ice for at least 15 min.

2 .6 .4 .2 Transformation of competent cells
300/xl of competent cell suspension was mixed with 100-200ng of D N A from the
ligation mixture. In addition two controls were set up: cells to which no D N A had been
added, and cells to which a plasmid of known concentration had been added. The cells
were heat shocked by placing at 42°C for 30s and then placed on ice for 90 min, shaking
gently at regular intervals.

4ml of LB medium was added and the cells incubated at

37°C for a further 90 min. The cells were pelleted by centrifugation at 2000g for 10 min
at 4°C and resuspended in 300/xl of LB medium. This cell suspension was then plated
out in 10/xl, 50/xl or 240/xl aliquots onto LB agar plates containing the appropriate
antibiotic, and spread with 100/xl 2% (w/v) X-gal in dimethylformamide and 20/xl lOOmM
IPTG if blue/white selection was being employed.
Plates were incubated at 37°C overnight.

Single colonies were picked and

inoculated into 10ml LB medium containing antibiotic. The resulting overnight inoculants
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could then be used for analysis of the transformants using “miniprep” procedures,
preparation of frozen stocks or preparation of large amounts of plasmid DNA.

2 .6 .4 .3 Long term storage of transformed E. co/i
850/d of an overnight culture of transformed bacteria and 150/d sterile glycerol
were mixed and stored at -70°C. Viable cells could be recovered by scraping the surface
of the frozen stock with a sterile metal loop.

2 .6 .5 Preparation of small amounts of transformant DNA for primary
analysis
2.6.5.1 Rapid minlpreps (Chowdhury, 1991)
1.5ml of an overnight culture of the transformed bacteria was placed into a
microtube.

The cells were pelleted by centrifugation at 12000g for 3 min and

resuspended in 500/d of PBS “A ” . 500/d of a 25:24:1 (v/v) mixture of phenol (saturated
with Tris-HCl, pH 8.0): chloroform :IA A was added and mixed.
separated by centrifugation for 5 min at 12000g.

The phases were

About 450/il of the upper aqueous

phase was removed and added to tubes containing 5(X)/d isopropanol and mixed well.
The D N A was pelleted by centrifugation at 12000g for 10 min, washed twice in 80%
(v/v) ethanol and allowed to air dry briefly. The pellet was resuspended in 100/d of TER
(TE (pH 8.0), containing 20mg/ml heat inactivated RNAse A). lO-20/il of this solution
contained 1/ig DNA.

2 .6 .5 .2 Magic minlpreps
Miniprep DNA was prepared using the Magic Miniprep kit (Promega) and the
instructions supplied therein. 5-10/d of the resulting D N A solution contained 1/ig DNA.

2 .6 .5 .3 Alkali lysis minlpreps
Cells from 1.5ml of an overnight culture were pelleted by centrifugation at 12000g
for 1 min. The pellet was resuspended in lOO/tl of ice cold solution I (see section 2.14)
containing 4mg/ml lysozyme and incubated at room temperature for 5 min. 2(X)/d of
freshly prepared solution II (section 2.14) was added, mixed and incubated on ice for 5
min. 150/d solution II I (section 2.14) was added and incubated on ice for 5 min. The
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cell debris was removed by centrifugation at 12000g for 5 min at 4°C. Two rounds of
phenol:chloroform:IAA extraction were performed on the supernatant, this was then
transferred to a fresh tube and

1

ml absolute ethanol was added and incubated at room

temperature for 2 min. The D N A was pelleted by centrifugation at 12000g for 5 min,
washed in 80% (v/v) ethanol, air dried briefly and resuspended in 25/xl TER (see section
2.6.5.1). 3-5^1 of the resulting solution contained l^g DNA .

2 .6 .6 Large scale preparation of DNA on CsCI gradients (Sambrooker
û/., 1989)
A 250ml culture was seeded with 20ml of an overnight culture of transformant E.
coli and incubated in an environmental shaker at 37°C

for 3h.

37.5mg of

chloramphenicol was added and incubation was continued overnight.
The cells were pelleted at 4000g for 7 fnin and resuspended in 10ml of solution
I (section 2.14).

1ml of a freshly prepared solution of lysozyme (lOmg/ml in lOmM

Tris-HCl (pH 8.0)) was added and the mixture was incubated at room temperature for
10 min. 20ml of freshly prepared solution II (section 2,14) was mixed in thoroughly and
the solution placed on ice for 5 min. 15ml of solution III (section 2,14) was added and
the solution placed on ice for 30 min. The lysate was centrifuged at 6000g for 10 min.
38ml (0.6 volumes) of isopropanol was added to the supernatant and incubated at room
temperature for 5 min. The nucleic acids were pelleted by centrifugation at 8000g for
10 min and resuspended in 10ml of TE (pH 8.0). 11.17g CsCl, 175/^1 lOmg/ml ethidium
bromide and 850/d TE (pH 8.0) were added and mixed. Any protein-ethidium bromide
complexes were removed by centrifugation at 120(X)g for 10 min. The supernatant was
transferred to a Quick-seal centrifuge tube (Beckman) and the tube heat sealed and
centrifuged at 150,000g for 40h in a Beckman 70. IT i rotor at 20°C. After centrifugation
it was possible to see two pink bands when the tube was held against a white background
in visible light. The lower band containing closed circular plasmid D N A was collected
and transferred to a 7ml bijou bottle. The ethidium bromide was extracted with NaClsaturated isopropanol until no difference in colour could be seen between the two phases.
The D N A was dialysed against 41 of distilled water for 4h.
changed periodically during this dialysis.

The water was

The D NA solution was transferred to a

“Corex” tube and precipitated by the addition of 0.1 volumes of 3M sodium acetate and
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2.5 volumes of absolute ethanol, and placed at -20°C overnight. The D N A was pelleted
by centrifugation at 8000g for

1 0

min, washed briefly in 80% (v/v) ethanol and

resuspended in 250/xl TE (pH 8.0). The concentration of the D N A was then determined
as given in section 2.3.3.

2.7 Riboprobes
Riboprobes are radiolabelled RNA transcripts produced from the SP6 and T7
promoters contained within plasmid and cosmid vectors. In this instance riboprobes were
prepared from the promoters in the Lorist 4 vector of cosmids obtained from the
ICRFclOO library.

2.7.1 Preparation of the DNA template for in vitro transcription
10-20/xg of cosmid DNA was digested with a ten fold excess of an appropriate
restriction enzyme.

The DNA was checked for complete digestion, and the fragment

required for in vitro transcription was purified. 3’ overhangs were converted to blunt
ends prior to in vitro transcription by adding Klenow D N A polymerase (NBL), at a final
concentration of 5U//xg DNA , to the in vitro transcription reaction mixture from which
the nucleotides and RNA polymerase had been omitted and incubating at 22 °C for 15
min. The 3’-5 ’ exonuclease action of the Klenow digested away the overhanging end.
The transcription reaction could then be carried by the addition of the nucleotide mix and
the RNA polymerase.

2.7 .2.1 in vitro transcription
The following components were mixed in a 1.5ml microtube:
4/xl

5x transcription buffer (Promega)

2/xl

lOOmM D TT

20u

rRNAsin ribonuclease inhibitor (Promega)

4/xl

mixture of ATP, GTP and UTP (2.5mM each, Promega)

2.4/xl

lOO/xM CTP (Promega)

1/xl

linearized template DNA (0.2-1 mg/ml in water)
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5/xl

[a-^^?]-CTF (50/xCi at lOmCi/ml, 3.3 /xM, ICN)

1/xl

SP6 or T7 RNA polymerase (at 15-20U//xl)

The mixture was incubated at 37°C for 60 min.

180/xl of nuclease free water (D W

treatedj with 0.1% (w/v) DEPC and then autoclaved) was added.

1/xl of the reaction

mixture was spotted onto each of four DE81 filters (Whatmann) and allowed to air dry.
Two of the filters were washed three times for 5 min each in 5 % (w/v) sodium phosphate
(pH 7.2), once for 5 min in nuclease free water and once for 5 min in absolute ethanol.
The remaining two filters were not washed. All filters were then dried under a hot lamp.
The activity of the filters was determined in a scintillation counter and the percentage
incorporation and the specific activity of the probe expressed as total incorporated
cpm/total micrograms RNA synthesized were calculated.

2 .7 .2 .2 Removal of DNA template following transcription
RNAse free DNAse (R Q l, Promega) was added to the in vitro transcription
reaction to a final concentration of lU//xg template DNA and incubated at 37°C for 15
min. Two rounds of phenol :chloroform :IA A extraction were carried out and the D NA
precipitated by the addition of 0.5 volumes of 7.5M ammonium acetate and 2 volumes
of absolute ethanol to the resulting solution and placing at -70°C for at least 30 min. The
RNA was pelleted by centrifugation at 12000g for 5 min and resuspended in l(X)/xl of IM
ammonium acetate, 3/xl of lOmg/ml tRNA was added as a carrier to aid precipitation and
the RNA was reprecipitated by addition of 2 volumes of absolute ethanol. The RNA was
stored as an ethanol suspension at -70°C.

2 .7 .2 .3 Checking of RNA transcripts by agarose gel electrophoresis
The amount of the RNA suspension required to give 250,(XX) cpm was transferred
to a 1.5ml microtube and pelleted by centrifugation at 12000g for 15 min. The pellet
dried under a hot lamp and resuspended in 9/xl of nuclease free water. 10/xl of deionised
formamide was added and the sample heated to 98°C for 5 min to destroy any secondary
structure in the RNA. The sample was placed on ice for 2 min, 2/xl of RNA loading
buffer (50% (v/v) glycerol, Im M EDTA, 0.4% (w/v) bromophenol blue, 0.4% (w/v)
xylene cyanol) was added and the sample loaded onto a
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1

.2 % (w/v) agarose gel cast in

1 X TA E with 500ng/ml ethidium bromide. A control transcript of known length was
used as a control. The gel was electrophoresed with a voltage gradient of lOV/cm for
Ih in 1 X TA E and examined under U V light. I f the RNA was not visible, the gel was
wrapped in plastic film and autoradiographed at room temperature.

2 .7 .3 Hybridisation of membranes using Riboprobes
2.7 .3 .1 Prehybridisation of membranes
Membranes were wetted in 0.25M sodium phosphate buffer (pH 7.2) interleaved
with nylon mesh and placed into hybridisation bottles. Hybridisation buffer (50% (v/v)
deionised formamide, 0.25M sodium phosphate, pH 7.2, 0.25M NaCl, Im M ED TA , 7%
(w/v) SDS, 5% (w/v) polyethylene glycol, M .W 8000) was added, about 10ml per
membrane, and the membranes incubated at 42°C for 15-60 min in a “rôtisserie”
hybridisation oven.

2 .7 .3 .2 Preparation of probe and hybridisation to membranes
The amount of RNA probe required to give 1x10^ cpm/ml hybridisation buffer
was pelleted by centrifugation at 12000g for 15 min. The pellet was washed in 70%
(v/v) ethanol and resuspended in 50/xl nuclease free water.

This probe mixture was

added to the prehybridised membranes and incubation was continued at 42°C overnight.

2 .7 .3 .3 Washing of membranes
The membranes were rinsed in 2 x SSC, washed twice in PSE buffer (0.25M
sodium phosphate pH 7.2, 2% (w/v) SDS, Im M EDTA) for 20 min each at 65°C, and
twice in FES buffer (0.04M sodium phosphate pH 7.2, 1 % (w/v) SDS, Im M ED TA ) for
20 min each at 65°C. They were then rinsed three times in 2 x SSC for 5 minutes each
at room temperature and incubated for 15 min at room temperature in 2 x SSC containing
1/xg/ml heat inactivated RNAse A, to remove any remaining single stranded probe.
Finally they were washed in 0.1 x SSC, 0.1 % (w/v) SDS for 30 min at 50°C.
membranes were autoradiographed as given in section 2.5.7.
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The

2.8 Cosmid library screening
The libraries screened were the ICRF c l00 and cl04 libraries. These are
constructed from Mbol partial digests of D NA from flow sorted X chromosomes, ligated
into the BamUl cloning site of the cosmid vector Lorist 4, a derivative of Lorist B (Cross
and Little, 1986). Duplicate sets of nylon membranes, representing over 8 ,(XX) colonies,
were screened.

2.8.1 Screening the library membranes
The membranes were prehybridised for at least

8

hours at 42°C in 20ml each of

a solution of 50% (v/v) formamide, 4 x SSC, 50mM sodium pyrophosphate, pH 7.0,
10% (w/v) dextran sulphate, 1% (w/v) SDS and 50^g/ml denatured sonicated salmon
sperm D N A .

1 x 10^ dpm/ml of the desired [a-^^P]-dCTP labelled probe and 1x10*

dpm/ml of [a-^^S]-dATP labelled Lorist D N A were added to the membranes, and these
were hybridised overnight at 42°C. The membranes were washed and autoradiographed
as described for Southern blot analysis (section 2.5) except that an additional thin sheet
of plastic film was placed over the membranes before autoradiography so that only a
weak signal from the p S ] could penetrate to the film, this produced a weak background
signal from each colony and allowed the grid co-ordinates of p^P] positive colonies to be
determined. Positive colonies were requested from ICRF, London.

2 .8 .2 Primary analysis of picked positives
The clones were received as transformed bacterial stabs. The host bacteria was
E. coli strain ED8767 (Murray et al. , 1977). Multiple colonies were grown in LB broth
containing 3/xg/ml kanamycin at 37°C and D N A was prepared from each using the alkali
lysis mini prep method described previously.

The D NA was digested with £coRI or

BamUl, separated on a 0.8% (w/v) agarose gel and blotted as described previously. The
membranes were hybridised with the probe used to screen the library and the
hybridisation pattern produced by the multiple colonies was used to determine if the
original colonies were both positive and clonal.
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2.9 Preparation of RNA
The method used is an adaptation of the single step acid-guanidinium thiocyanatephenol-chloroform (AGPC) method of Chomczynski and Sacchi (1987). It can be used
to prepare D NA from up to 10^ cells or lOmg of tissue. The cells or homogenised tissue
were resuspended in 100/d of solution D (4M guanidinium thiocyanate, 25mM sodium
citrate, pH 7.0, 0.5% (w/v) sodium sarcosyl, O .IM fi-ME) in a 1.5ml microtube. 10/tl
2M sodium acetate pH 4.0, 100/d water saturated, unbuffered phenol and 20^1 of a 49:1
(v/v) mixture of chloroform:IAA were added, and the mixture placed on ice for 15 min.
The phases were separated by centrifugation at 12000g at 4°C for 15 min. The upper,
aqueous phase was transferred to a clean tube and 1/d 20mg/ml RNAse free glycogen
was added to samples which had been prepared from less than

1 0

^ cells or Img tissue.

120/xl of isopropanol was added and the mixture placed on dry ice for Ih. The RNA was
pelleted by centrifugation at 12000g for 15 min at 4°C, washed in 70% (v/v) ethanol and
resuspended in 20/xl of nuclease free water. RNA that was not used immediately was
reprecipitated by the addition of 0.1 volume of 3M ammonium acetate and 2.5 volumes
of absolute ethanol and stored as an ethanol suspension at -70°C.

2.10 Preparation of oDNA
10/ig of RNA was pelleted and resuspended in 22/xl of nuclease free water, heated
to 70°C for 5 min and then placed on ice. The reverse transcription reaction was carried
out by the addition of the following components to the RNA solution, in the order given:
1/xl

RNAguard (Pharmacia)

2.5/d

l(X)mM D TT

10/d

oligo d(T) (polyd(T) 12-18, l(X)/ig/ml, Pharmacia)

lO/il

5x buffer (supplied by enzyme manufacturer)

5/il

dNTP’s (lOmM with respect to each of dATP, dCTP, dGTP and
dTTP, Pharmacia)

2.5/d

2mg/ml BSA

2/tl

reverse transcriptase (M -M L V , 200U//d, BRL)
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The reaction was incubated at 42°C for 90 min and then heated to 65 °C for 5 min to
destroy the enzyme activity and denature the DNA-RNA duplexes. The resulting cDNA
was stored at -20°C.

2.11 Polymerase chain reaction (PGR) amplification of DNA
The polymerase chain reaction causes the amplification of a known D N A target
sequence in a cyclic reaction carried out at 3 different temperatures. Double-stranded
D N A is first denatured to give two single stranded DNA templates (dénaturation step).
Oligonucleotide primers are annealed to each side of the target sequence (annealing step).
The new strands are synthesized from the primers by Taq polymerase; a heat stable D NA
polymerase (extension step). After the first cycle the new D N A strands run beyond the
target sequence but in subsequent cycles the DNA amplified is between the two primer
sites and results in a single species on a gel.

2.11.1 Selection of primers
The primers used were designed to anneal to complimentary sequences on opposite
strands of the target DNA doublet. They were about 20-25 base pairs in length and had
a GC:AT ratio of about 50:50. Primers were designed so as not be complimentary to
themselves or to each other, to avoid “primer-dimer” formation, and had roughly
equivalent annealing temperatures, these were estimated using the following equation:
Approx annealing temp = (G + C ) x 4 -I- (A + T ) x 2

2 .1 1 .2 Testing primers
Each pair of primers was tested to find the optimum conditions for their use.
The optimum annealing temperature was determined experimentally by carrying out the
PCR annealing reaction at increasing temperatures, starting at around 42°C and
increasing by 2-3°C each time until a temperature was found at which the primers failed
to amplify the target DNA sequence.
specificity was just below this.

The optimum temperature for annealing and

Each set of primers was also titrated against

concentrations of MgCl] from 0.5m M to 5mM to determine the optimum MgCl 2
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concentration for amplification. The enzyme requires some

ions for its activity,

but too high a concentration can inhibit the enzyme and cause non-specific binding of the
primers to the D N A template.

The free nucleotides in the reaction mixture will,

however, absorb some of the Mg^"^ ions in the solution.
The time for which the extension reaction was to be carried out was calculated.
This depended on the length of the sequence to be amplified. Taq polymerase adds bases
to a product at a rate of about 60-120 bases per second. This means that products of less
than Ikb were synthesized within an extension time of 30s.

For longer products the

extension time was increased accordingly.

2 .1 1 .3 . The PCR reaction
The following reagents were dispensed into a 0.5ml microtube:
Ifil

D N A template (l-500ng//zl)

1/xl

Primer A (50pmoles//il)

1/xl

Primer B (50pmoles//xl)

5/xl

lOx reaction buffer (Bioline)

1.5/xl

MgClz (20-150mM)

2/xl

dNTPs (5mM with respect to each of dATP, dTTP, dCTP, dGTP)

38.25/xl

DW

0.25/xl

Taq polymerase (5U//xl, Bioline).

The reagents were mixed and covered with a layer of mineral oil and the tubes were
placed into a programmable heating block (Hybaid). This was programmed to give an
initial denaturing step of 3 min at 94°C; followed by an amplification step consisting of
30-35 cycles of: a denaturing step of 30s at 94°C, an annealing step of 30s at the
calculated annealing temperature, and an extension step of 30-90s at 72°C; and finally
an extension step of 10 min at 72°C.
As the PCR technique is sensitive to tiny amounts of contaminating D N A in any
of the reagents, a control was always set which contained D W instead of D N A template.
After amplification a small amount of each of the reactions, including the “no
D N A ” control, were loaded onto a 1.5% (w/v) agarose gel cast in 1 x TA E with
5(X)ng/ml ethidium bromide along with “ Ikb ladder” markers.
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The gel was

electrophoresed with a voltage gradient of 15 V/cm in 1 x TA E for 20-30 min and
exâmined under U V illumination. I f there was any signal in the track containing the “no
D N A ” control all of the tubes were discarded and the reactions repeated.

2 .1 2 Immobilisation of PCR amplified DNA on Dynabeads
The PCR reaction was carried out using one biotinylated and one non-biotinylated
primer. The product was electrophoresed through a 1.5% (w/v) agarose gel, in 1 x TAE
to separate it from unincorporated nucleotides and purified as given previously. The D NA
was resuspended in 100/xl DW .
60/xl of M-280 Streptavidin Dynabeads (Dynal) were dispensed into a 1.5ml
microtube and washed twice in 200/xl TES buffer (lOmM Tris-HCl pH 8.0, Im M EDTA,
lOOmM NaCl). The beads were recovered between washes by placing against a strong
magnet for 30s. The washed Dynabeads were resuspended in the PCR amplified DNA
solution and incubated at room temperature for 5 min to allow the D N A to bind to the
beads via the biotinylated primer.

The Dynabeads/DNA were washed twice in 200^1

TES buffer and then resuspended in 200/xl freshly prepared 0 .15M NaOH and incubated
at room temperature for 5 min to allow the D N A to become single stranded.

The

supernatant containing the non-biotinylated D NA strand was removed to a fresh 1.5ml
tube. The Dynabeads/biotinylated DNA were washed once in 200^1 TES buffer and once
in 2(X)/xl D W . The beads were finally resuspended to a

volume of 7/d in DW .

The non-biotinylated D N A was precipitated by the addition of 20/xl 3M sodium
acetate and 500/xl absolute ethanol and placed at -70 °C overnight.

The D N A was

pelleted by centrifugation at 12000g for 15 min, washed in 70% (v/v) ethanol, vacuum
dried in a Savant rotary evaporator for 5 min and then resuspended in 7/xl H 2 O.

2.1 3 Sequencing
2.13.1 Sequencing Reactions
Sequencing of PCR products immobilised on Dynabeads was carried out using the
“Sequenase” version 2.0 kit (USB).

The instructions for sequencing single stranded
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D N A molecules supplied therein were followed, with the following modifications:
■ the amount of D N A used was that produced in one 50/xl PCR reaction,
immobilised on the Dynabeads.
■ the primers used were PCR primers diluted 100 fold, to a final concentration
of 0.5-lpm ol/^l.
■ [a-^^S]-dATP label was used to detect the sequence.
■ the elongation and termination reactions were carried out at 42°C.

2 .1 3 .2 Preparation of polyacrylamide gels
2 .1 3 .2 .1 Preparation of plates
Both sequencing plates were thoroughly cleaned. One plate was siliconized by
treating with “Sigmacote” diethyl silane solution.

The two plates were separated by

0.4mm-1.2mm “wedge” spacers, and the side and bottom edges of the plates sealed with
plastic tape.
0.4mm “sharks-tooth” combs with a point spacing of 3mm or

6

mm were used.

2 .1 3 .2 .2 Preparation and pouring of the gel
6

% (w/v) acrylamide solution in 1 x THE and

8

M urea was prepared by

dissolving 138g of urea in: 30ml 10 x TEE, 45ml “Accugel 40” acrylamide mix (38%
(w/v) acrylamide, 2% (w/v) N ,N ' -Methylene-bis-acrylamide; National Diagnostics) and
90ml D W and making the final solution to 300ml with DW .

This provided enough

acrylamide solution for two gels. It could be kept in darkness at 4°C for up to 1 week.
Gels were poured the day before they were required.

150ml of the acrylamide

solution was mixed with 1.5ml of 10% (w/v) APS and 30/il TEM ED . This mixture was
then poured between the prepared plates avoiding the introduction of air bubbles. The
combs were pushed 2-3mm into the top of the gel and clamped into place. When the gel
had polymerized the open edge was covered with paper towels soaked in 1 x TEE and
sealed with plastic film to prevent drying out, and the gel was placed at 4°C overnight.

2 .1 3 .3 Running of the sequencing gel
The gel was fixed into the sequencing apparatus (ERL sequencing tank with
Pharmacia ECPS3000/150 power supply) and this was filled with 1 x TEE buffer. The
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gel was electrophoresed at a constant power of 60W, voltage about 2kV, for 30-45 min,
to warm the gel so that the D N A samples remains denatured when loaded. The slot at
the top of the gel was flushed out with running buffer to remove excess urea and debris,
and the combs inserted so that the teeth were about 1 mm into the gel.
The sequencing samples were heated to 85®C for 3 min to denature the D N A and
placed on ice. 3/xl of each of the samples was loaded on to the gel in the order G ,A ,T,C .
The gel was run at a constant power of 60W at a voltage of about 2kV for 2-6h.
After running the gel was transferred to a sheet of Whatmann 3 M M paper and
covered with plastic film. The gel was vacuum dried, onto the paper at 80°C for 90
min. The plastic film was removed and the gel autoradiographed at room temperature
as described previously.

2 .1 4 Reagents
All reagents were made using water purified by reverse osmosis.

DW
Water purified by reverse osmosis and autoclaved at 121 °C for 20 min.

10 X TBE (Tris Borate EDTA)
108g Trisma base, 55g boric acid, 20ml 0.5M EDTA (pH 8.0), water to 11. Autoclaved
at 121°C for 20 min.

50

X

TAE

242g Trisma base, 57.1ml glacial acetic acid, 100ml 0.5M EDTA (pH 8.0), water to 11.

20

X

SSC

175.3g sodium chloride,

8 8

.2g sodium citrate, water to 11.

TE
10ml IM Tris-HCl (pH 8.0), 2ml 0.5M EDTA (pH 8.0), water to 11. Autoclaved at

1 2 rC for 20 min.
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100 X Denhardts solution.
20g Ficoll 400 (Pharmacia), 20g polyvinylpyrrol-idone, 20g BSA (fraction V ), water to
11. Filtered and stored at -20®C.

LB medium
lOg Bacto-tryptone (Difco), 5g Bacto yeast extract (Difco), lOg NaCl, water to 11.
Autoclaved at 121 ®C for 20min.

YEPD medium
lOg Bacto yeast Extract, 20g Peptone (Difco), 20g D-glucose, water to 11. Autoclaved
at 121 °C for 20min.

LB and YEPD agar for plates
15g/l Bacto-agar (Difco) was added to the appropriate medium before autoclaving.

Antibiotic stocks
Ampicillin
50mg/ml of the sodium salt in water, filter-sterilised and stored at -20°C.

Kanamycin
25mg/ml in water, filter-sterilised and stored at -20°C.

Tetracyclin
5mg/ml tetracyclin hydrochloride in ethanol/water (50% v/v), stored in the dark at
-20°C
The working concentrations were 1/1000th of the stock solutions unless otherwise stated.

Preparation of Sephadex G50 for spin column chromatography
lOg Sephadex G50 (Pharmacia) was added to 100ml sterile TE (pH 8.0).

This was

incubated at 65°C for 3h mixing occasionally. The Sephadex was allowed to settle and
the supernatant poured off. It was then washed in TE and the suspension was made up
to 100ml with TE and stored at 4°C.
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Preparation of OLB solution for radiolabelling using the random priming
technique
The following component solutions were prepared:

Solution 0
1.25M Tris-HCl (pH 8.0), 0.125M MgClj, stored at 4°C.

Solution A
1ml Solution 0, 18/^1 14M B-ME, 5/d each of dATP, dTTP and dGTP (Pharmacia) all
l(X)mM in TE (pH 8.0) stored at -20°C.

Solution B
2M Hepes pH 6.6, stored at 4°C.

Solution C
Hexanucleotides (Pharmacia) resuspended in TE (pH 8.0) at 90 OD units (260nm)/ml,
stored at -20°C.
OLB was prepared by mixing solutions A, B and C in a ratio of A:B:C =
10:25:15. This was stored at -20°C. For preparation of f^S] labelled probes solution
A was prepared with dGTP, dCTP and dTTP. [^^S]-a-dATP was then used as the
radiolabelled nucleotide.

Church hybridisation buffer (Church and Gilbert, 1984)
140ml IM NaH^PO^, 360ml IM NazHPO^, 2ml 0.5M EDTA (pH 8.0), 70g SDS, lOg
BSA (fraction V ), water to 11. Filtered and stored at room temperature.

Sample loading buffer
0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol, 50% (v/v) glycerol in
water.

Alkali lysis solutions
Solution I
25mM Tris HCl (pH 8.0), 50mM glucose, lOmM EDTA in water

Solution II
0.2M NaOH, 1% (w/v) SDS in water
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Solution 111
60ml 5M potassium acetate, 11.5ml glacial acetic acid, 28.5ml water, the resulting
solution is 3M with respect to potassium, but 5M with respect to acetate.
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Chapter 3

Results I: DXS178 positive cosmids
3.1 Introduction
3.2 Results
3.2.1 Mapping of the cosmid clones
3.2.2 Mapping of the DXS265 locus
3.2.3 Preparation of end probes
3.2.4 Primary screening of picked positives
3.2.5 Acquisition of cosmids from the ICRF c l04 library
3.3 Discussion

3.1 Introduction
Genetic linkage analysis of XLA families had shown that DXS178 was the most
closely linked polymorphic marker to the XLA locus.

At the start of this study the

DXS178 locus had been found to show no recombinations with X LA in over 20
informative meioses (LOD score Z = 14.48 at 0 = 0) (Kwan et al., 1991). A long
range physical map around the DXS178 locus had been produced by Marie-Anne J
O ’Reilly (this laboratory), using PFGE, and shown this locus to be flanked by up to 5
CpG islands (O ’Reilly et a l , 1992). The four islands closest to the DXS178 locus are
shown in Fig. 3.1, the fifth island lies approximately 470kb distal to the DXS178 locus
(O ’Reilly et al., 1992). The tight linkage of the X LA and DXS178 loci suggested that
any genes associated with these CpG islands would be strong candidates for the gene
causing X LA , so a strategy of isolation and analysis of these regions of D N A from
cosmid clones was conceived.

The ICRF c l00 cosmid library (ICRF, London) was

screened with the DXS178 specific probe p212/9.

A number of positive clones were

identified, these were screened and two were chosen for further study.

Preliminary

mapping of these clones suggested that although they contained a number of rare cutting
enzyme sites, they did not contain any of the CpG islands flanking the DXS178 locus
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Fig. 3.1
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Reilly
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CpG

islands

(Fig. 3.1). Since the physical distance between the CpG islands closest to the DXS 178
locus was 70-80kb, and the size of the human insert in cosmid clones does not usually
exceed 45kb, this was not unexpected.
The aim of this part of the study was to refine the maps of these cosmid clones,
to isolate end probes from them. These could then be used to rescreen the cosmid library
in order to initiate a chromosome walk away from the DXS 178 locus towards the
flanking CpG islands.

The eventual aim being to clone the D N A around these CpG

islands and analyze these regions for the presence of transcribed gene sequences.

3 .2 Results
3.2.1 Mapping of the cosmid ciones
The two previously analyzed cosmid clones (D1020 and E03167, Fig. 3.1) and
one other clone (D0590) not mapped previously, were studied. Digestion of D N A from
these cosmids with Kpn\ revealed three small DNA fragments in addition to those already
mapped.

These had sizes of 1.5kb (F I), 1.7kb (F II) and 1.8kb (F IIA ) (Fig. 3.2).

Fragment F IIA was not present in clone D1020. Fragments F I and F II were purified
from digests of cosmid E03167 and separated on agarose gels. They were then used as
probes on membranes containing B.yjHII digests of D N A from the cosmid clones.
Fragment F I hybridised to a 28kb species in DNA from both cosmid D1020 and cosmid
E03167 whereas fragment F II hybridised to a 20kb species in D N A from cosmid D1020
and a 19kb species in DNA from cosmid E03167. This indicated that these fragments
were positioned as shown in Fig. 3.2.

The remaining fragment (F IIA ) had to be

positioned alongside F I due to its absence from clone D1020 (Fig. 3.2).

D N A from

clone D0590 was digested with a number of rare cutting restriction enzymes and
hybridised with the Lorist vector and the probe specific for the DXS 178 locus.

The

results of these hybridisations are shown in Table 3.1. Analysis of these results revealed
that the human insert in this cosmid was approximately 5kb longer than that in either of
clones E03167 or D1020 and in addition was cloned into the vector in the opposite
orientation (Fig. 3.2)
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Table 3.1
Restriction and hybridisation pattern of cosmid D0590

Digest

Fragment sizes on
an agarose gel

Hybridisation pattern

Kpnl

28.2kb
16.8kb
1.8kb
1.7kb
1.5kb

DXS178, DXS265
Lorist (strong)

26.2kb
23.8kb

DXS178, DXS265, Lorist (weak)
Lorist (strong)

16.7kb
ll.Skb
10.6kb
6.2kb
1.8kb
1.7kb
1.5kb

DXS178, DXS265

KpnVBssYill

Lorist (strong)
Lorist (weak)

Nar\

34kb
16kb

DXS178, Lorist (strong)
DXS265, Lorist (weak)

NarHKptil

21.Ikb
11.2kb
7. Ikb
5.6kb
1.8kb
1.7kb
1.5kb

DXS178
Lorist (strong)
DXS265
Lorist (weak)

NarllBssHW

23.8kb
16kb
9.6kb

Lorist (strong)
DXS265, Lorist (weak)
DXS178

Nae\

22.5kb
14.8kb
13.4kb

Lorist (strong)
DXS265, Lorist (weak)
DXS178

NaellKpnl

13.4kb
10.8kb
6.2kb
5.3kb
1.8kb
1.7kb
1.5kb

DXS178
Lorist (strong)
Lorist (weak)
DXS265

Fragments were positive for the loci indicated in the hybridisation pattern column
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Fig 3.2
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3 .2 .2 Mapping of the DXS265 locus
A number of new X-linked polymorphic probes were obtained from D r. David
Barker towards the end of 1991.

These were specific for the DXS265, DXS327,

DXS328, DXS366 and DXS442 loci (Dietz-Band et al., 1990). These were hybridised
to the membranes containing D N A from cosmid D0590 digested with rare cutting
restriction enzymes. Only the probe specific for the DXS265 locus hybridised to DNA
from this cosmid. Comparison of the hybridisation patterns produced with this marker
and the probe specific for the DXS 178 locus showed that these two loci mapped to the
same fragment in all digests except those which included Nael or Narl (Table 3.1, Fig.
3.3). This allowed the DXS265 locus to be placed on the cosmid map between 1.8kb and
5.5kb from the DXS 178 locus (Fig. 3.2).

As the DXS 178 specific probe used was a Ikb

XballTaql fragment of the lOkb p212/9 probe, it was

thoughtnecessarytocheck that

the DXS265 sequence was not contained within the wholeDXS 178specific
p212/9.

probe,

Plasmid p212/9 was digested with a number of restriction enzymes and

hybridised with the DXS265 specific probe. No hybridisation was seen confirming that
the DXS265 locus was not contained within the DXS 178 locus (results not shown). In
addition, neither t o H II, Nael nor Narl cut within the insert of p212/9 confirming the
position of the DXS 178 locus is as shown (Fig. 3.2).

3 .2 .3 Preparation of end probes
3 .2 .3 .1 KpnllBssHW digests
D N A from cosmid D1020 was digested with Kpnl and t o H II, the fragments were
separated on agarose gels and those containing the ends of the human insert D N A ,
identified by their hybridisation to vector D N A , were excised and purified.

These

fragments were radiolabelled, preannealed for 3h and hybridised to membranes containing
human D N A digested with either EcoRl or Hindlll. After hybridisation these membranes
were washed to high stringency.

Despite preannealing, these fragments showed

hybridisation to all parts of the tracks containing the human D N A and were, therefore,
highly repetitive and of little use in screening the cosmid library (results not shown).

3 .2 .3 .2 Riboprobes
The ICRFclOO cosmid library is constructed in the vector Lorist 4, a derivative
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Fig. 3.3 Physical mapping of the DXS265 sequence
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A = Nael),

separated by PGFE, using conditions: 190V, 3s switch time, 16h; and hybridised with probes specific for
the DXS 178 and DXS265 loci and the Lorist vector.

Hindlll digested lambda DNA and lambda

concatamers were used as size markers. Fragment sizes are in kb.
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of Lorist B (Cross and Little, 1986). This vector contains the viral RNA polymerase
promoters T7 and SP6 in such an orientation that they face into the human insert from
opposite ends of the vector sequence.

RNA transcripts can be made from these

promoters such that they contain the ends of the human insert. The riboprobe system
utilizes these promoters to produce RNA probes radiolabelled to high specific activity for
use in hybridisation to D N A .
Cosmid clone E03167 was used for the preparation of riboprobes as it contained
different D N A at the ends as compared to D1020, which had already been shown to
be repetitive. The cosmid template was digested with restriction enzymes prior to the in
vitro transcription reaction so that very long transcripts were not produced. For the T7
reaction, the 5.6kb Kpnl/BssUll fragment was used (Fig. 3.2) as this contained the T7
promoter and sufficient human insert to produce a probe of suitable length. For the SP6
reaction the corresponding BssHll/Kpnl fragment containing the opposite end of the
human insert would have produced too long a transcript. EcoBJ was used as this cut
vector D N A sufficiently far from the SP6 promoter to allow efficient transcription and
cuts human D NA sufficiently frequently to make it unlikely that a very long transcript
would result.
The in vitro transcription reactions were carried out on both the cosmid templates
described above and on control templates (Promega). The percentage incorporation of
radioactivity into the transcripts prepared from the cosmids was low in comparison to the
control template. 1.65% compared to 95% for the SP6 promoter and 13% compared to
94% for the T7 promoter. The transcripts were, however, of the expected length and
were of comparable specific activity to the control templates indicating that they had been
produced in smaller quantity. They were hybridised to EcoRI or H indlll digested human
DNA.

Examination of the autoradiographs showed that the tracks had a high activity

along their lengths, indicating that the probes were repetitive in nature (results not
shown).

3 .2 .3 .3 Use of small Kpn\ fragments
As the ends of the D N A inserts in these cosmid clones had proved to be
repetitive, it was decided to test the small fragments produced by Kpnl digestion o f clone
E03167 for suitability as probes. As these fragments were only a small fraction of the
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total cosmid insert, preparing them from the cosmid each time required the use of large
quantities of cosmid D N A , so these fragments were first subcloned into the plasmid
vector pSP72.

Plasmids containing each of the fragments were radiolabelled and

hybridised to human D N A to test for the presence of repetitive sequences. F I (Fig. 3.2)
was completely repetitive in nature but F II and F IIA (Fig. 3.2) both produced specific
hybridisation patterns against a high background. These were investigated further.
In order to identify less repetitive fragments from these clones, plasmids
containing F II (p F II) and F IIA (p F IIA ) were digested with Kpnl to excise the insert and
then with Taql, EcoRI, //m d lll, BaniRl, B g/II, H aelll, or Pstl. Digestion products were
blotted onto nylon membranes and hybridised with total human sonicated D N A , and with
D N A from the pSP72 vector.

Absence of hybridisation to either o f these probes was

taken as an indication that a fragment was both non-repetitive, and from the human
insert. Only B g/II, Hinùlll and Taql cut either of the inserts, and only a 0.4kb BgWKpnl
fragment of the p F II plasmid (F II/B ) and a 0.2kb Hindlll!Kpnl fragment of the pFIIA
plasmid (F IIA /H ) showed no hybridisation with either of the probes.
The F II/B fragment was hybridised to human genomic D NA digested with Taql
or Kpnl. A hybridisation pattern of three strongly hybridising species with Taql and four
strongly hybridising species with Kpnl (Fig. 3.4) was seen. The strongly hybridising
bands were all larger than the size of the probe. The human insert of the p F II probe had
no sites for Kpnl, and only one site for Taql, thus the probe could not be legitimately
hybridising to all of the fragments seen. There were two possible explanations for this:
■ the D N A on the membranes was only partially digested.
■ the probe being used represented a mildly repetitive element.
The F IIA /H fragment hybridised to a single fragment on both Kpnl and BamYlll digested
human genomic D N A (Fig. 3.4) although there was still a large amount of background
hybridisation, particularly to the partially digested D NA at the top of the lanes in Fig 3.4.
Both fragments F II/B and F IIA /H were used sequentially, to rescreen the cosmid
library.

The fragments were preannealed with human D N A using the PERT method

prior to use. The F II/B fragment hybridised to a large number of colonies with strong
hybridisation to more than 100. This was, therefore, a repetitive element and was not
used further. The F IIA /H fragment showed hybridisation to 10 discrete colonies (9 on
duplicate membranes). These were requested from IC R F, London.
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Fig. 3.4 Hybridisation of endprobes to human genomic DNA

Taq I

Kp n

Kpn\

BamH\

-3.5

2.2
1.8 .
1 .2

FII/B

FIIA/H

Probes FII/B and FIIA/H, specific for the cosmid ends, were hybridised to human genomic DNA digested
with the enzymes shown (duplicate tracks), //mdlll digested lambda DNA was used as size markers.
Fragment sizes are in kb.
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3 .2 .4 Primary screening of picked positives
O f the 10 positive clones, 7 had been found to contain only polymers o f vector
D N A . The remaining 3 (F10164, HOI 175 and AOl 106) were plated out and ten colonies
of each picked and analyzed to check for clonality. DNA from the cosmids was digested
with EcoRI, HindlW or Kpn\ and the fragments produced separated on agarose gels, uncut
cosmid D N A was also loaded onto the gels. These were blotted and hybridised with the
F IIA /H probe, to check that they were true positives. Only D N A from clone F 10164
hybridised with the F IIA /H fragment. The remaining two cosmids were false positives
and were not pursued.
In addition to several larger fragments, all of the digested and undigested samples
of cosmid F10164 contained three small species of apparent sizes 1.8kb, 1.6kb and l.Okb
(Fig. 3.5).

These small species were present in much greater quantity than would be

expected if they were derived from the cosmid.

In addition, their presence in the

undigested cosmid DNA suggested that they were probably the linear, circular and
supercoiled D N A species of a contaminating plasmid. The F IIA /H fragment hybridised
very strongly to these plasmid bands and much more weakly to the cosmid D N A (Fig.
3.5).
D N A from cosmid F 10164 was purified away from the contaminating plasmid,
digested with Kpnl and hybridised sequentially with the F IIA /H fragment and with the
Lorist vector. The F IIA /H fragment hybridised weakly to one fragment of 3. Ikb. As
the probe was derived from a 1.8kb Kpnl fragment, it should hybridise to a 1.8kb Kpnl
fragment unless the F IIA /H specific D NA was at the end of the human insert and fused
to the cosmid vector. I f this was the case, the Lorist vector should also hybridise to the
3. Ikb fragment. It did not. The Lorist vector hybridised to a Kpnl fragment of greater
than 25kb (results not shown). Either the human insert was rearranged, or the cosmid
represented a chimaera. It was not used for further experiments.

3 .2 .5 Acquisition of cosmids from the ICRFc104 library
As the initiation of a chromosome walk using cosmids from the ICRFclOO library
had been unsuccessful, cosmid clones from another library were obtained. The ICRF
cl04 library had previously been screened with the DXS 178 specific probe p212/9. The
positive colonies from this screening were requested and analyzed to find if they
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Fig. 3.5 Analysis of clone F I0164

(A)

(B)
Kpnl

Kpnl

Uncut

Uncut

3.1
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1.6
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[A] DNA from cosmid clone F 10164 was digested with Kpnl and the fragments separated on conventional
agarose gels alongside uncut cosmid DNA (duplicate tracks) and with Hindlll digested lambda DNA size
markers (not shown). [B] The gel was blotted and hybridised with the FIIA/H probe. Fragment sizes are
in kb.
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Table 3 .2
Results of hybridisations of DXS 178 positive cosmids from the ICRF c l 0 4 library

Cosmid

Digest

Fragment sizes

Hybridisation pattern

B01119

Kpnl/BssUU

15kb
13kb
llk b
9kb
1.7kb

DXS 178, Lorist (weak)
Lorist (strong)

Nael

19kb
16kb
14kb

DXS 178, Lorist (weak)
FII/B
Lorist (strong)

Kpnl/BssHll

20kb
19kb
9kb
1.8kb
1.5kb

\
i DXS178, DXS265, Lorist (weak)
Lorist (strong)
FIIA/H

Nael

>25kb
19kb
9kb

DXS265, FIIA/H, Lorist (weak)
DXS178
Lorist (strong)

Kpnl/BssUll

15kb
llk b
9kb
7kb
1.7kb

DXS 178, Lorist (weak)

19kb
16kb
8kb

DXS 178, Lorist (weak)
FII/B
Lorist (strong)

B01171

H0858

Nael

FII/B

Lorist (strong)
FII/B

Nae\ fragments of greater then 25kb and the 20kb and 19kb

fragments of cosmid B01171

could not be resolved in this analysis. Fragments were positive for the loci indicated in the hybridisation
pattern column

contained CpG islands.

Three cosmids were obtained (B01119, B01171 and H0858).

These were checked for clonality as previously. DNA from these cosmids was digested
with Kpnl, Bss\illlKpn\, Nael or Sacll, the fragments were separated on agarose gels,
blotted and hybridised sequentially with probes specific for the DXS 178 and DXS265
loci, the Lorist vector and the F II/B and F IIA /H fragments.

Digestion with Sacll

resulted in linearisation of each of the three cosmids indicating that there were no Sacll
sites within the human insert. The results of the other hybridisations are shown in Table
3.2 and Fig. 3.6.
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These results were used to produce maps of the new cosmids with respect to the
DXS 178 positive cosmids already analyzed. These are shown in Fig. 3.7.

The total

amount o f D N A covered by cosmids was approximately 60kb. Thus the analysis of these
cosmids extended the cosmid contig by approximately lOkb.

The lack of B jjH II or

Sacll sites close to the ends of the new cosmids indicates that the new cosmids did not
contain the CpG islands.

3 .3 Discussion
The D N A flanking the DXS 178 locus was found to be highly repetitive in nature.
The end-probes eventually isolated contained only a few hundred base pairs of D N A .
One of these, F II/B , proved to be repetitive.

The second probe, F IIA /H , seemed to

contain single copy sequences, but failed to recognise any legitimate clones in the ICRF
c l00 cosmid library. Seven of the ten clones to which the F IIA /H fragment hybridised
were polymers of vector D N A , two were false positives and the tenth contained a
contaminating plasmid shedding doubt on the nature of this clone.

Hybridisation to a

single fragment in digests of total human D NA and its failure to hybridise to fragments
of digested cosmids carrying vector DNA confirmed that it was from the human insert
of the cosmid. Digestion away from the plasmid into which the original Kpnl fragment
was subcloned confirmed that it was not part of the pSP72 vector.

The sequence

probably contained some similarity to the cosmid vector, however, as it detected this
when present in multiple copies (vector polymers) and also recognised the contaminating
plasmid in clone F 10164.

The exact nature of the F IIA /H end probe remains

undetermined.
The search for end probes could have been continued using fragments closer to
the DXS 178 locus.

It would also have been possible to derive end probes from the

clones from the c l04 library, or to use the probe specific for the DXS265 locus to
rescreen the cosmid libraries. None of these avenues was pursued as it was becoming
obvious that a chromosome walk using cosmids would be difficult in this region.
Improved Y AC technology, and greater accessibility to Y AC libraries meant that isolation
of the DXS 178 locus and its surrounding CpG islands in YACs was a more attractive
proposition. YACs have larger D N A inserts, up to 2M b, which would probably allow
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Legend to Fig. 3 .6

DNA from cosmid clones B01119, B01171 and H0858 was digested with Kpn\ alone, or in combination with

(K = Kpn\, B = BjjHII). The fragments

were separated by conventional electrophoresis and hybridised with the probes specific for the sequences shown. HindlW digested lambda DNA was used as size
markers (not shown). Fragment sizes are in kb. Kpn\ fragments larger than 35kb and the 19kb and 20kb KpnllBssYiW fragments from cosmid BOl 171 could not
be resolved The 19kb or 20kb KpnVBssVill fragments are indicated here as 20kb.

Fig. 3 .6 Physical mapping of cosmid clones from the IC R F c104 library
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A cosmid contig consisting of four cosmids and showing the positions of the DXS178
an d DXS265 loci with respect to a number of rare cutting restriction en zy m e sites
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the CpG islands surrounding DXS 178 to be isolated in the first screening of the library
and any subsequent chromosome walk to be much quicker. This work was carried out
by Linda Bradley and is not presented in this thesis.
Mapping of the DXS265 locus to within 5kb of the DXS 178 locus was an
important finding regarding the clinical diagnosis of X L A. The DXS 178 locus was the
most closely linked polymorphic marker to the disease locus and thus diagnoses based on
this polymorphism had the highest confidence levels (> 9 5 % ) as the probability of
recombination between this locus and the disease locus is the least. The DXS 178 Taql
polymorphism is, however, only informative in 42% of women.

This limits its

usefulness. A second polymorphism lying close by would have the same low probability
of recombination and increases the number of women who can be offered the most
accurate diagnoses. The DXS265 polymorphism was found to have a heterozygosity of
49% (Lovering et al., 1993b).

A study in this laboratory (Lovering et al., 1993b),

however, showed that the DXS 178 and DXS265 loci are in linkage disequilibrium and
thus the majority of those women who were uninformative for DXS 178 would also be
uninformative for DXS265.

One family was identified in which a woman who was

uninformative for the DXS 178 polymorphism was found to be informative at the DXS265
locus (Lovering et al., 1993b). This woman could now be given more accurate carrier
status diagnoses.
The close physical linkage of the DXS265 and DXS 178 loci meant that the
DXS265 specific probe would not be useful for extending the physical map of the XLA
locus.
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Chapter 4

Results II: Screening of XLA patients for interstitial
deletions using probes specific for the DXS178 and
DXS101 loci
4.1 Introduction
4.2 Results
4.2.1 Screening of patients with a probe specific for the DXS 178 locus
4.2.2 Screening of patients with a probe specific for the DXS 101 locus
4.2.3 Analysis of patient DNA with rare cutting restriction enzymes
4.2.4 Analysis of normal males and females
4.2.5 Analysis of other family members
4.3 Discussion

4.1 Introduction
The isolation of a number of genes on the X chromosome has been facilitated by
the identification of patients with interstitial deletions involving these genes. These are
usually relatively large deletions of several megabases of D N A which can be identified
cytogenetically (e.g. Francke et al., 1985). Individually, these may be too large to be
of use in narrowing the region in which disease related genes could lie, but if more than
one deletion can be identified, the minimum region of overlap between them can be used
to narrow the region in which to search. The regions of the X chromosome that have
shown large, male-viable, deletions are Xp21 (e.g Francke et al., 1985) on the short arm
and Xq21 (e.g Cremers et al., 1988) and Xq25 (e.g. Skare et al., 1993) on the long arm.
These are all Giemsa dark staining bands.

Examples of diseases for which the genes

have been identified by analysis of D N A

from patients with deletions include

Duchenne/Becker muscular dystrophy (D M D : Koenig et al., 1987), X-linked chronic
granulomatous disease (X-CGD: Royer-Pokora et al.,
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1986) and tapetochoroidal

dystrophy (TCD: Cremers et al., 1989, 1990a). Other chromosomal abnormalities such
as translocations can also pinpoint disease related genes in genomic D N A (e.g. the gene
responsible for Menkes syndrome: Chelly et aL, 1993; Vulpe et ah, 1993).
At the start o f this study no X LA patients had been identified who had deletions
o f the X chromosome detectable cytogenetically, translocations involving the X
chromosome or who were deleted for any of the closely linked markers by Southern blot
analysis. I f such a patient could be identified a cloning effort could be directed towards
the region of D NA which was deleted, or toward the minimum region of overlap if more
than one deletion were detected. The aim o f this part of the study was to screen X LA
patients for deletions of the closely linked DXS 178 and DXS 101 loci, by Southern blot
analysis. In addition, PFGE was used in order to search for altered fragments that might
be indicative of an interstitial deletion or rearrangement which did not encompass a
polymorphic marker locus.

4 .2 Results
4.2.1 Screening of patients with a probe specific for the DXS 178
locus
D N A samples were prepared from 46 unrelated X LA patients. These patients had
all previously undergone cytogenetic analysis and no deletions or translocations had been
detected. These samples were digested with EcoRl or H indlll, separated on agarose gels,
blotted and hybridised with the DXS 178 specific probe. No patients were identified who
were deleted for the DXS 178 locus or who showed any variation in the hybridisation
pattern observed when compared to control individuals (results not shown).
Physical mapping had shown previously that DXS 178 recognised mostly small
fragments, of less than 150kb, in PFGE analysis (O ’Reilly et a l , 1992).

The only

enzymes that had been shown to produce large fragments around the DXS 178 locus were
B jjH II which produced a fragment of 460kb and Eagl which produced a fragment of
530kb. D N A from the XLA patients was digested with B5 5 H II or Eagl, separated using
PFGE and hybridised with the DXS 178 specific probe, p212XT.

Examples of these

hybridisations are shown in Fig. 4.1. There was no significant deviation from the
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Fig. 4.1 Screening of XLA patients for chromosomal
abnormalities with a DXS 178 specific probe

SssH

%
390

DXS
178

DXS
94

DNA from 4 XLA patients (numbered 1-4), digested with

separated by PFGE using conditions of:

120V, 120s switch time for 54h, and hybridised with probes specific for the DXS178 locus and the DXS94
locus as a control. LM = zone of limiting mobility. Fragment sizes are in kb.
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expected hybridisation pattern in D NA from any of the 46 patients tested.

On some

membranes a slight variation in the apparent size of the fragments recognised by DXS 178
in different patients was seen, but subsequent hybridisation of these membranes with
probes specific for other loci, such as DXS94 (Fig. 4.1), always revealed the same
apparent slight size variation and thus showed it to be an artefact. The usual cause of
such shifts was under or overloading of the D NA with respect to the other samples.
Partial digestion of the D NA was often seen with B^^HIl|(Fig. 6.4), fragments of 550kb,
630kb and 725kb were observed in addition to the complete digestion product of 460kb.
The partial digestion products, when visible, also showed no size variation in any of the
patients tested. Thus, no patients were identified who had abnormal restriction digestion
patterns around the DXS 178 locus.

4 .2 .2 Screening of patients with a probe specific for the DXS101
locus
D NA from XLA patients was also screened for mutations at the DXS 101 locus.
Conventional Southern blot membranes containing patient D N A were hybridised with the
DXS 101 specific probe cX52.5.

No patients were identified who had deletions or

alterations of any of the fragments recognised by this probe (results not shown). The
cX52.5 probe was then used in hybridisation to the membranes containing t o H II and
Eagl digested patient D NA separated by PFGE. A number of species were recognised,
these are shown in Table 4.1.
No deviation from the expected hybridisation pattern was observed in t o H II
digested D N A from any patient. Two patients, DLO and BC, were identified who had
altered hybridisation patterns in Eagl digested D N A . In D N A from both of these patients
the 780kb fragment was absent and instead a fragment of 810kb was recognised (Fig.
4.2). As D N A from these two patients had been produced from expanded T cell clones,
and most other D N A samples were prepared directly from peripheral blood, it was
necessary to exclude the possibility of differential méthylation being the cause of the
altered hybridisation pattern. D NA from patient M ON (Fig. 4.2) was also prepared from
expanded T cell clones and, as this showed the normal hybridisation pattern, differential
méthylation between D N A from the two sources was thought unlikely.
Four approaches were taken to determine whether this altered fragment was due
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Table 4.1
Species recognised by the DXS 101 specific probe in normal human DNA

Fragment sizes recognised by the DXS 101
specific probe cX52.5

Digest

80kb
260kb
560kb
740kb
250kb
350kb
400kb
780kb

Eagl

to an interstitial deletion or other chromosomal abnormality at the X LA locus in these
patients:
■ DNA from these patients was digested with a number of other rare cutting
restriction enzymes, singly or in combination with Eagl to find whether there were any
other enzymes that produced altered sized fragments in D N A from these patients, as
might be expected if this alteration was due to a deletion.
■ DNA from normal male and female controls was analyzed to find whether this
altered hybridisation pattern occurred in the normal population and was, therefore, a
restriction fragment length polymorphism.
■ DNA from other family members was analyzed to find whether this alteration
was segregating with the disease in these families.
■ a single copy probe for the copy of the DXS 101 locus which recognised the
altered fragment was isolated and mapped to find whether the map position of this copy
of DXS 101 was consistent with the altered fragment being due to a deletion of the X LA
gene in these patients (this last approach is presented in chapter 5).

4 .2 .3 Analysis of patient DNA with rare cutting restriction enzymes
D N A from patients BC and DLO and from a normal control was digested with
^ I , Nael, Narl, Pvul, M M , SacW, t o H II or Smal, singly or in combination with Eagl,
or with Eagl alone, and hybridised with the DXS 101 specific probe cX52.5. The normal
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Fig. 4.2 Screening of XLA patients with a probe specific for
the DXS 101 locus
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DNA from 3 XLA patients (BC, DLO and MON; prepared from expanded T cell clones) and 6 male
controls (prepared from peripheral blood), digested with Eagl, separated by PFGE using conditions as given
in the legend to Fig. 4.1 and hybridised with the DXSlOl specific probe cX52.5. LM = zone of limiting
mobility. Fragment sizes are in kb. In patients BC and DLO the 780kb fragment recognised by cX52.5
is replaced by a fragment of 810kb.
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Fig. 4.3 Analysis of normal female DNA for altered
restriction fragments at the DXS 101 locus
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DNA from five normal females digested with Eagl, separated by PFGE using conditions of: 170V, 70s
switch time for 30h, and hybridised with the DXSlOl specific probe, cX52.5. Individual 5 has the SlOkb
species in addition to the 780kb fragment. The faint hybridisation below the 780kb species in a number of
individuals and the hybridisation at 810kb in individual 2 is due to partial digestion. LM = zone of limiting
mobility. Fragment sizes are in kb.
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hybridisation pattern was seen in DNA from both patients with all enzymes except Eag\.

4.2.4 Analysis of DNA from normal males and females
DNA samples were prepared from 28 normal males and 26 normal females,
digested with Eagl, separated by PFGE and hybridised with the DXSlOl specific probe
cX52.5. The 28 normal males all showed the expected hybridisation pattern, but in 2 of
the 26 normal females there was hybridisation to an 810kb fragment in addition to the
780kb species (Fig. 4.3).

In order to rule out the possibility that these larger sized

fragments were due to partial digestion of the DNA these digests were repeated using
four fold more enzyme. This had no effect on the hybridisation pattern seen. It seemed
unlikely that the presence of the 810kb fragment was due to differential méthylation of
the active and inactive X chromosomes in females as this had only been observed in two
out of 26 normal females and had also been observed in two unrelated male XLA patients
(patients BC and DLO). The most likely explanation was that a new restriction fragment
length polymorphism (RFLP) with allele sizes of 780kb and 810kb had been identified.

4.2.4.1

Calculation of allele frequency and heterozygosity of the Eag\

poiymorphism at the DXS101 locus
The results from the 28 normal males and 26 normal females were used to
calculate the allele frequencies and the expected heterozygosity of this new Eagl RFLP
at the DXSlOl locus. The results obtained from the XLA patients were not included in
this calculation. 80 normal chromosomes had been examined. 78 carried the 780kb
allele and 2 carried the 810kb allele. From this allele frequencies of 0.975 for the 780kb
allele and 0.025 for the 810kb allele were calculated. The expected heterozygosity of this
polymorphism was calculated from the frequencies of the different allele combinations
(Table 4.2). This gives an expected heterozygosity of 4.9%.

4.2.5 Analysis of DNA from other family members
DNA samples were prepared from additional members of the families of patients
BC and DLO. These were digested with Eagl and hybridised with the DXSlOl specific
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Table 4.2
Calculation of heterozygosity of the DXS 101 Eagl polymorphism

Allele 2

Allele 1

780kb

810kb

Frequency

0.975

0.025

1:1
780kb

1:2
0.9506

0.975
2:1

810kb

0.025

0.0244
2:2

0.0244

0.0006

The numbers in the top left hand comer of the boxes gives the allele combination to which the frequency
given applies. The figures highlighted in bold are the frequencies of heterozygotes.

probe B550 (a single copy probe recognising only the copy of the DXSlOl locus
associated with this polymorphism (see chapter 5)).
Patient BC is a member of a small family (GAG) which had no previous history
of the disease. The pedigree of this family and the pattern of hybridisation of probe
B550 to Eagl digested DNA from family members are shown in Fig. 4.4. The patient’s
mother, M C, is heterozygous for the new polymorphism, but the patient’s father, JC, and
unaffected brother, AC, are both hemizygous jfor the 780kb allele (Fig. 4.4).

The

disease is segregating with the SlOkb allele in this family, but, as it is not known whether
the mutation arose in the mother MC or in the affected boy, BC, it is not possible to state
whether or not MC is likely to be a carrier of the disease.
Patient DLO is a member of an extended family (LOF) with a family history of
XLA. Both his mother and grandmother are obligate carriers of the disease as they have
both previously had affected sons who are now deceased. Patient DLO died during this
study as a result of complications arising from his XLA. The family pedigree is shown,
with the results of hybridisation of Eagl digested DNA with the DXSlOl specific probe
B550, in Fig. 4.5.
The mother, KLO, and grand-mother, AB, are both heterozygous, having the
780kb and 810kb alleles, the affected boy has the 810kb allele, whilst unaffected male
family members have the 780kb allele. The disease is segregating with the 810kb allele,
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Fig. 4.4 Pedigree of family CAG and pattern of hybridisation
to a probe specific for the DXS101 Eag\ polymorphism
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DXSl Ol

DNA from members of family CAG digested with Eagl, separated by PFGE using the conditions described
in the legend to Fig. 4.1 and hybridised with the DXSlOl specific probe B550 (see chapter 5). Tracks are
shown under the corresponding individual in the family pedigree. Squares indicate males, circles indicate
females, shaded symbols indicate affected individuals. LM = zone of limiting mobility. Fragment sizes are
in kb.
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Fig. 4.5 Pedigree of family LOF and hybridisation pattern
with a probe specific for the DXS101 Eag\ polymorphism
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DNA from members of family LOF digested with Eagl, separated by PFGE using the conditions given in
the legend to Fig. 4.1 and hybridised with the DXSlOl specific probe, B550 (see chapter 5). Tracks are
shown beneath the corresponding individual in the pedigree. Circles indicate females, those containing a
spot indicate obligate carriers and those marked with an asterisk indicate probable carriers. Squares indicate
males, those that are shaded and crossed through indicate affected individuals who are now deceased. The
daughters of MKE are numbered 1-6 to protect their identity. Fragment sizes are in kb.
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and so this polymorphism could be used for clinical diagnosis in this fam ily.
The use o f this new RFLP has been extremely important in giving a carrier status
diagnosis to the half sister o f patient D LO , individual C M . D N A from C M ’s father was
unavailable. This meant that the only polymorphic markers which would be useful for
diagnosis in her case were those for which her mother was heterozygous (in order to
establish phase), and for which she (C M ) was homozygous (in order to establish which
of her mothers chromosomes she had inherited). No such marker had previously been
identified. Use o f the D X S lO l Eagl polymorphism showed that C M had inherited the
chromosome carrying the 780kb allele, the opposite to that inherited by her affected halfbrother (Fig. 4.5).

Physical mapping (shown in chapter 5) showed that this

polymorphism mapped close to the PLP locus which in turn had been mapped between
the DXS 178 and DXS94 loci (Vetrie et a l., 1993a).

The new RFLP therefore also

mapped between the DXS 178 and DXS94 loci. As the recombination frequency between
the X L A locus and the new polymorphism was unknown, a carrier risk o f 5% was given
to C M based on the recombination frequency between the disease and the DXS94 locus.
This is a significant improvement over the carrier risk of 50% previously given to this
woman.
In addition, use o f this polymorphic marker has suggested that M K E , for whom
carrier status was unknown, is likely to be a carrier o f the disease (Fig. 4 .5 ). M K E has
six daughters (Fig. 4.5) who may at some time require a carrier status determination or
prenatal diagnosis. This polymorphism may be useful in that context.

4 .3 Discussion
Deletions account for about 5-10% o f the mutations at most gene loci. Variations
in these figures occur when there is a selective pressure for or against deletion.
Deletions are much more common in very large genes, for example, they account for
about 60% o f the total mutations in Duchenne muscular dystrophy patients. Genes that
are required for development on the other hand have a deletion frequency o f zero. There
was no reason to expect that the X L A gene was at either o f these extremes, and therefore
it was expected that between two and five o f the patients studied would have deletions
of the X L A gene. Analysis o f patient D N A with the DXS 178 specific probe, however,
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did not identify any patients with abnormal hybridisation patterns. Possible reasons for
this are:
■ that the gene is required for development and so must be at least partially
functional in all individuals. Large deletions would be lethal in utero and so would not
be seen in the population.
■ that there is some other gene (or genes) in the region of the DXS 178 locus and
the X LA locus which is required for development, deletions could not encompass this
gene and so would have to remain small and would be undetectable in PFGE analysis.
■ that the DXS 178 locus is too far from the X LA gene, or there are too many
rare cutting restriction sites between the DXS 178 locus and the X LA gene for any
deletions of the gene to be apparent as altered restriction fragments detectable with the
DXS 178 specific probe.
At this stage of the study it was impossible to say which of these possibilities was most
likely.
Extension of this study to the D XS lO l locus identified two patients who had an
altered hybridisation pattern. This was only observed in D NA digested with Eagl and
subsequent analysis of 54 normal individuals showed that it was due to the presence of
a novel RFLP at the D XS lO l locus with alleles of 780kb and 810kb. This is the first
example of the use of PFGE to separate the alleles of an RFLP, and one of very few
examples of the use of pulsed field gel electrophoresis in clinical diagnosis, the rest
mainly being concerned with the analysis of deletions of the dystrophin gene. Despite
the low calculated and observed heterozygosity of this RFLP it has proved useful in
providing carrier status diagnoses for individuals in one family with X LA .

No other

altered hybridisation patterns were identified with probes specific for the D X S lO l locus,
presumably for the same reasons as given for the lack of altered hybridisation patterns
at the DXS 178 locus.
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Chapter 5

Results ill: Isolation and mapping of discrete DXS101
loci

5.1 Introduction
5.2 Results
5.2.1 Preparation of a D X S lO l specific probe for use in analysis of D X S lO l
positive cosmids
5.2.2 Isolation and analysis of D X S lO l specific cosmid clones
5.2.3 Hybridisation of cosmid DNA to Eag\ digests of total human D NA
5.2.4 Subcloning of single copy fragments from cosmid B0440
5.2.5 Mapping of B550
5.2.6 Physical mapping of the PS fragment
5.2.7 Mapping of the cX52.5 plasmid and cosmids G0220 and E0928 with rare
cutting restriction enzymes
5.3 Discussion

5.1 Introduction
Although D X S lO l is a polymorphic marker mapping to Xq21.3-Xq22 (Hofker et
al., 1987), it had not been used extensively for genetic linkage analysis. Investigation
of five X LA families (O ’Reilly, 1991) showed it to have no recombinations with the XLA
locus and a LC D score of Z = 3.0 at 0 = 0 .

One other genetic linkage study utilised

D X S lO l in the investigation of Alport syndrome families. This study placed the D X S lO l
polymorphism IcM proximal to the DXS94 locus and thus placed it in the region of the
X LA locus (Barker et al., 1991).

Despite these results the D X S lO l specific probe,

CX52.5, had not been used at all in physical mapping studies.

The limited utilization of this marker stems from a number of difficulties in its
use.

The D X S lO l specific probe does not recognise a single species but a limited
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number of homologous sequences. Hofker et al. (1987) showed that it recognised at least
five distinct species all of which map to the Xq21.3-Xq22 region of the X chromosome.
In addition, the Mspl polymorphic alleles generated by this probe are difficult to resolve
on standard agarose gels because of their similarity in size (7.5kb and 7.7kb) and because
several other irrelevant fragments of similar size are also detected (Hofker et al. y 1987).
The probe specific for the D X S lO l locus has also proved difficult to use in long range
physical mapping because it recognises multiple species on PFGE analysis.
The aim of this part of the study was to generate probes specific for individual
copies of the D X S lO l sequence, in particular the copy of the D X S lO l locus that is
associated with the 780kb Eagl fragment that was altered in two X LA patients (described
in chapter 4). These single copy probes could be used for physical and genetic mapping
in Xq22.

5.2 Results
5.2.1 Preparation of a DXS 101 specific probe for use in analysis of
DXS101 positive cosmids
The D X S lO l specific probe, cX52.5, is a 4kb EcoRI insert in the vector pAT153.
A mutation in the plasmid has caused the loss of one of the EcoRI sites, resulting in it
being impossible to excise the insert using EcoRl.

As the cosmid vector, Lorist 4,

contains some sequences from pAT153 (Cross and Little, 1986) it was necessary to find
another way of excising the insert to enable this probe to be used in analysis of cosmid
D N A . D N A from the cX52.5 plasmid was digested with

P s t ly

Sail and EcoRl and the

fragments separated on an agarose gel and hybridised sequentially with the Lorist vector
and human sonicated D N A .

Fragment sizes and hybridisation patterns are shown in

Table 5.1.
The 1.2kb fragment was chosen for use as a probe on cosmid D N A as it did not
hybridise to either the Lorist vector or to human sonicated D NA .
A series of single and double digests with Pstl, Sail or EcoRI were carried out
in order to find which part of the human insert the 1.2kb fragment was derived from.
Hybridisation with the pAT153 plasmid identified fragments which were derived from
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Table 5.1
Digestion and hybridisation of the cX52.5 plasmid

Fragment sizes on digestion
with Pstl, San and EcoRI

Hybridisation pattern

3.5kb
2.2kb
1.2kb
0.7kb

Human sonicated DNA
Lorist (strong)
Lorist (weak)

Fragments were positive for the probes indicated in the hybridisation pattern column

the vector. The resulting map of the cX52.5 plasmid is shown in Fig. 5.1. The 1.2kb
fragment is a PstHSaR fragment consisting of 650bp of pAT153 D N A and 550bp of
human D N A . This fragment did not hybridise with the Lorist vector as it is derived from
the tetracyclin resistance gene of pAT153 which was not used in the construction of
Lorist 4 (Cross and Little, 1986). This fragment was termed the PS fragment. It is the
left hand EcoRI site that has been lost.

5 .2.2 Isolation and analysis of DXS101 specific cosmid clones
The ICRFclOO cosmid library (IC R F, London) had previously been screened with
the D X SlO l specific probe, cX52.5. The positive clones from this screening were
requested.
B0440.

Six cosmids were obtained: D1219, F0467, G0220, H0744, E0928 and

D NA was prepared from these cosmids, digested with Mspl, separated on

agarose gels and hybridised with the PS fragment and with the Lorist vector.
Four of the cosmids (D1219, F0467, G0220 and H0744) produced very similar
digestion and hybridisation patterns, and were therefore judged to contain the same copy
of the D X S lO l locus. One of these clones, G0220, was selected for further analysis.
The remaining two clones (B0440 and E0928) showed unique digestion and hybridisation
patterns. In addition, hybridisation to the PS fragment was very weak. These were also
selected for further analysis.
None of the cosmids contained either a 7.5kb or 7.7kb Mspl fragment, the two
fragments that constitute the Mspl polymorphism. There were three possible reasons for
this:
■ cosmid DNA and human D NA are differentially methylated.

Mspl is a

méthylation sensitive enzyme and there could therefore be Mspl sites between the sites
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through

that produce the 7.5kb or 7.7kb fragments that are methylated in human D N A but are
unmethylated in the cosmid D N A .

This would result in fragments smaller than the

expected 7.5kb and 7.7kb.
■ only three copies of the D X S lO l locus were isolated, thus there are two
remaining which have not been isolated, one of these could be associated with the Mspl
polymorphism.
■ the 7.5kb or 7.7kb fragment could be at the end of the human insert, truncated
and attached to the Lorist vector. Such a fragment would not necessarily cross hybridise
to the Lorist vector D NA as there is an Mspl site in the Lorist vector just 11 base pairs
from the cloning site and so the fragment would contain very little Lorist sequence.

5 .2.3 Hybridisation of cosmid DNA to Eag\ digests of total human
DNA
One of the aims of this study was to identify a single copy probe for the copy of
the D X S lO l locus associated with the Eagl fragment that was altered in patients D LO and
BC (see chapter 4). In order to identify if this copy was contained in any of the cosmids
isolated, D NA from each of cosmids was labelled, this was preannealed with human
sonicated DNA to compete out any repetitive human sequences and with total cX52.5
D N A to compete out the D XSlO l specific sequences. These probes were then hybridised
to membranes containing human DNA digested with Eagl (Fig. 5.2).
Cosmid B0440 showed specific hybridisation to the 780kb fragment (Fig. 5.2)
whilst there was no hybridisation to any of the other fragments recognised by cX52.5.
Cosmid G0220 showed hybridisation to the 250kb fragment (Fig. 5.2). Cosmid E0928
did not hybridise to any of the fragments recognised by cX52.5 (Fig. 5.2).

Cosmid

B0440 contained the copy of the D X S lO l specific sequence associated with the Eagl
polymorphism. A single copy probe was isolated from this cosmid.

6 .2 .4 Subcloning of single copy fragments from cosmid B0440
D N A from cosmid B0440 was digested with BamHI, separated on agarose gels,
blotted and hybridised sequentially with the PS fragment, whole cX52.5 plasmid, the
Lorist vector and human sonicated D N A . Two small fragments were identified which
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Fig. 5.2 Hybridisation of DXS101 positive cosmids to Eag\
digested human DNA

LM

LM

780

250

B0440

G0 2 2 0

E0928

Normal human DNA digested with Eag\, separated by PFGE using conditions of: 120V, 120s switch time
for 54h, hybridised with DNA from DXSlOl positive cosmids. Cosmid DNA was preannealed for 3h with
human sonicated DNA and cX52.5 plasmid DNA prior to use as hybridisation probes to compete out
repetitive sequences and DXSlOl specific sequences. LM = zone of limiting mobility. Fragment sizes
are in kb.
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were of interest. A 1.5kb fragment showed strong hybridisation to both the PS fragment
and to CX52.5 D N A , this was selected as a candidate for a less repetitive probe for
recognising the Mspl polymorphism. A 0.7kb fragment which did not show hybridisation
to any of the probes used was also selected as a possible single copy probe for the copy
of the D X S lO l locus present in cosmid B0440. Both fragments were subcloned into the
vector pBluescript (Stratagene). The 1.5kb fragment was used as a probe on a Southern
blot of total human D N A digested with Mspl and the 0.7kb fragment was used as a probe
on total human D N A digested with Eagl.
The 1.5kb fragment recognised only the polymorphic species strongly (Fig. 5.3A ).
The 7.0kb fragment, which runs just below the polymorphic alleles and can lead to
confusion in interpreting the results of hybridisation with this probe, was not recognised
(Fig. 5.3A ).

Background hybridisation was also reduced (Fig. 5.3A ). This fragment

does indeed provide a less repetitive probe for recognition of the Mspl polymorphism and
was termed B1.5.
The 0.7kb fragment hybridised strongly to the 780kb Eagl fragment (Fig. 5.3B).
Again, background hybridisation was reduced. This probe is, therefore, specific for the
copy of the D X S lO l locus which recognises the 780kb Eagl fragment which was altered
in patients BC and DLO (see chapter 4). The ends of the 0.7kb fragment were sequenced
from the T3 and T7 RNA polymerase promoters in the pBluescript vector, and PGR
primers were designed. The sequences of these and the conditions for amplification are
shown in appendix B.

The PGR amplification produced a fragment of around 550bp

which was termed B550 and could be radiolabelled for use as a hybridisation probe.

5 .2 .5 Mapping of B550
The B550 probe was hybridised to membranes containing D N A from a normal
male and a 4X cell line, LGL-127, digested with Sftl^ M lul or

and separated by

PFGE. This probe recognised an Sfil fragment of 240kb and a small B5 5 H II fragment
of <90kb in both the normal male D N A and 4X cell line D N A . An M lul fragment of
1.06Mb was recognised in normal male D N A and two M lul fragments of 520kb and
580kb were recognised in D N A from the 4X cell line.

The difference in size of

fragments between D N A from the two sources being due presumably to differential
méthylation.
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Fig. 5.3 Novel DXS101 specific probes derived from cosmid
B0440

( A)

(B)
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CX52.5

ill.

B1.5

CX52.5

400
■350
■250

B550

Normal human DNA digested with: [A] Mspl (duplicate tracks) separated by conventional electrophoresis
along with Hindlll digested lambda DNA size markers (not shown) and hybridised with either cX52.5 or
B1.5. [B] Eagl (triplicate tracks) separated by PFGE, along with yeast chromosome size markers (not
shown), using the conditions given in the legend to Fig. 5.2 and hybridised with either cX52.5 or B550.
LM = zone of limiting mobility. Fragment sizes are in kb
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The same membrane was subsequently hybridised with probes specific for a
number of other Xq22 markers.

O f these the DXS54 and PLP loci showed physical

linkage to the B550 probe. The DXS54 specific probe recognised the 580kb and 520kb
Mlul fragments observed in D N A from the 4X cell line, the 1.06Mb M lul fragment
observed in male leucocyte D NA and the 240kb Sfii fragment observed in D N A from
both cell types. In addition, the PLP gene probe recognised the 520kb and 580kb M M
fragments seen in D N A from the 4X cell line. These results are shown in Fig. 5.4.
The copy of the D X S lO l locus specific for the B550 probe thus lies within 520kb
of the PLP locus and within 240kb of the DXS54 locus. The DXS54 specific probe does
not contain an Sfil site, it is therefore difficult to understand why this probe recognised
a small Sfii fragment in addition to the major hybridising species of 240kb. There are
two possible explanations for this:
■ there is an a d d itio n a l.s ite in the vicinity of the DXS54 locus that cuts
infrequently in genomic D N A and results in a fragment of less than 90kb. I f this is the
case the B550 probe should hybridise additionally to a fragment of 150kb.
■ DXS54 also recognises some autosomal fragments (O ’Reilly 1991; O’Reilly et
al., 1993). This small Sfil fragment could be autosomally derived. In this case there
would not be a related fragment recognised by the B550 probe. As a 150kb SfH fragment
is not seen with the B550 fragment, it is assumed that it is the second of these
explanations that is correct.

5.2.6 Physical mapping of the PS fragment
The PS fragment had failed to recognise one of the fragments recognised by the
whole CX52.5 probe in cosmid B0440, it also hybridised very weakly to D N A from both
cosmids B0440 and E0928.

This indicated that the PS fragment may not be

representative of the multicopy D X S lO l specific element.

The PS fragment was

hybridised to Southern blots of human genomic D N A digested with Msp\. It hybridised
strongly to a single Mspl fragment of 4kb (results not shown) and recognised none of the
other species detected by the cX52.5 probe. The PS fragment was from the end of the
human insert in the cX52.5 plasmid and probably contained only a very small part of the
D X S lO l repetitive element. The majority of the PS fragment was probably single copy
sequences lying next to the D X S lO l element at the site from which it was originally
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Legend to Fig. 5 .4

DNA from a 4X cell line, LCL-127 (4X), and from a normal male (X), duplicate tracks, digested with Sfil, BssHU or Mlul, separated by PFGE using conditions
of: 170V, 170s switch time for 24h, followed by 170V, 70s switch time for a further 16h; hybridised sequentially with the B550 fragment and probes specific for
the DXS54 and PLP loci. LM = zone of limiting mobility. Fragment sizes are in kb unless otherwise stated.

Fig. 5 .4 Physical mapping of the B 5 5 0 fragm ent

SHI
SHI

M lu l

S fil

BSSHII

M lu l

4X

X

4X

X

X

4X

4X

X

4X

X

B jsH II

I I----------------------- i r

X
X

M lu l

» **H II
4X

X

4X

■580
■520

580
520

420- ^

f!

##

# # # . 4- 340

PIP
DXS54

For legend, see facing page.

4X

4X

1.06Mb

#•

Ml

X

B550

580
' 520

# #

A # -4 -2 6 0

Fig. 5 .5 Physical linkage of the PS fragm ent to the D X S 1 7 8
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Normal human DNA (duplicate tracks), [A] Partially digested with

(using 5U of enzymes at 50°C

for 3h), separated by PFGE using conditions of 120v, 120s switch time for 54h. [B] Partially digested with
Mlul (using lOU enzyme at 37°C for 3h), separated by PFGE using conditions of 40V, 2000s switch time
for 150h. Hybridised with the probes specific for the loci indicated. Fragment sizes are in kb unless
otherwise stated. LM = zone of limiting mobility.
126

cloned. This would explain its very weak hybridisation to cosmids B0440 and E0928.
This fragment could therefore be used as a single copy probe specific for one of the
copies of the D XSlO l specific sequence. This fragment was mapped relative to other
markers in Xq22.
The PS fragment was hybridised to a membrane containing genomic DNA
partially digested with B5 5 H II, that had already been hybridised with probes specific for
a number of loci in Xq22 including DXS178, DXS3, DXS94 and DXS87.

The PS

fragment hybridised to a 550kb partial digestion product also recognised by the DXS 178
specific probe p212XT (Fig. 5.5A ). The DXS 178 specific probe recognises a complete
BssHU digestion fragment of 470kb (Fig. 5.5A ), this suggested that the PS fragment
should recognise a complete fijjH II digestion product of 80kb.

Fragments smaller than

150kb were not present on the membrane used (Fig. 5.5A ) so a second membrane was
produced which retained the small fragments and this was hybridised with the PS probe.
The 80kb complete digestion product was now observed. Thus, it appeared that the copy
of the D X S lO l locus recognised by the PS fragment lay within 550kb of the DXS 178
locus.
In order to confirm that these two loci were linked it was necessary to find
another fragment to which they both hybridised.

Genomic D N A was digested with

amounts of Mlul such that partial digestion was obtained, the D N A was separated by
PFGE and hybridised with the DXS 178 specific probe, p212XT, the D X S lO l specific
probe, CX52.5 and the PS fragment.

cX52.5 showed hybridisation to a number of

fragments in the range 1.0-1.5Mb which appear as a smear on the autoradiograph (Fig.
5.5B). The PS fragment appeared to recognise two species that were not well resolved.
The larger of these, a 1.5Mb partial digestion fragment, was also recognised by the
DXS 178 specific probe (Fig. 5.5B). The smaller was approximately 1.35Mb and was
the complete digestion product (Fig. 5.5B). The DXS 178 specific probe also hybridised
to a 150kb complete digestion product. The DXS 178 and PS probes were therefore also
linked on a 1.5Mb M M partial digestion fragment.
Further mapping was then carried out. Genomic D NA was digested with a
number of rare cutting restriction enzymes singly or in combination with Eagl, separated
by PFGE and hybridised with the PS fragment and with the DXS 178 specific probe
p212XT.

These results are shown in Table 5.2.
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The positioning of the Sacll sites

Table 5 .2
Physical mapping of the PS fragment with respect to the DXS 178 locus.

Enzyme

Fragment size recognised by
the PS fragment

Fragment size recognised by
the DXS 178 specific probe

410kb

135kb
90kb

SfiHEagl

llSkb
410kb

135kb
90kb

Eagl

250kb

530kb

Pvul

> 850kb

>850kb

PvuHEagl

250kb

530kb

Mlul

1.5Mb
1.3Mb

1.5Mb
330kb
150kb

Mlul/Eagl

250kb

150kb

Bj j HII

80kb
550kb

460kb
550kb

80kb

460kb

5acII

540kb

150kb

Sacll/Eagl

250kb

150kb

Sfil/Sacll

llSkb

90kb

required that an SflHSacW double digest was also carried out, this is also shown in Table
5.2.
Using this data, and the map around DXS 178 already produced (O ’Reilly et al.,
1992; Fig.3.1), a map around this copy of the D XS lO l locus was produced linking it the
DXS 178 locus. This is shown in Fig. 5.6.

5 .2 .7 .

Mapping of the cX62.5 plasmid and cosmids G 0220 and

E0928 with rare cutting restriction enzymes
Having determined that the PS fragment was a single copy sequence it was
expected that it was associated with the copy of the D X S lO l specific sequence found in
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cosmid G0220 as this was the only cosmid to which it hybridised strongly. In order to
confirm this, the cX52.5 plasmid and the remaining two D X S lO l positive cosmids were
mapped with various rare cutting restriction enzymes.
The cX52.5 plasmid DNA was digested with Eagl, Nrul,

or Narl. Eagl

and Nrul did not cut the plasmid D N A . B5 5 H II linearised the plasmid and Narl cleaved
it into three fragments. As the position of the EcoRI site within the plasmid was known
(section 5.2.1) and, as the positions of the Narl sites within the pAT153 vector could be
determined from the vector sequence, the sites for

and Narl within the human

insert could be mapped. cX52.5 plasmid D NA was cut with Narl or

singly or

in combination with EcoRI. The results of these digests were used to produce the map
shown in Fig. 5.7.
D N A from cosmids G0220 and E0928 were digested with Eagl, Nrul, B5 5 H II and
Narl. The fragments were separated on agarose gels, blotted and hybridised sequentially
with: the Lorist vector, the B1.5 fragment, to represent the D X S lO l specific sequence
and the PS fragment.

The results of these hybridisations are shown in Tables 5.3

(G0220) and 5.4 (E0928).

These results allowed the production of maps of cosmids

G0220 and E0928, shown in Fig. 5.8. From the map of cosmid G0220 it can be seen
that the positions of the rare cutting restriction enzyme sites were identical to those found
in the cX52.5 plasmid. In addition, the PS fragment was represented in this cosmid at
the same location, with respect to the restriction enzyme sites as in the cX52.5 plasmid.
The PS fragment was renamed GPS for cosmid G0220 K fragment. The human insert
in this cosmid is from the position in the genome from which cX52.5 was presumably
originally cloned.
In cosmid E0928 the D XSlO l specific element was at the end of the human insert
and fused to the Lorist vector. The positions of the B jjH II and Narl sites within the
D X S lO l element were such that if this was the same copy of D X S lO l as in cosmid
G0220 then the GPS element should also be represented. As the cosmid did not hybridise
with the GPS probe, it must contain a different copy of the D X S lO l species. An attempt
was made to clone a single copy fragment from this cosmid in order to map this copy of
D X S lO l in Xq22. D NA from cosmid E0928 was digested with BamRl, separated on
agarose gels and hybridised with whole cX52.5, human sonicated D N A , the Lorist
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Table 5.3
Digestion and hybridisation pattern of cosmid G0220
Enzyme

Fragment sizes on
agarose gels

Hybridisation pattern

AwHH

>23kb
12kb

B1.5 (weak), PS (strong), Lorist (weak)
B1.5 (strong), Lorist (strong)

Nar\

>23kb (p)
12kb (x3)
3kb
2.4kb
1.9kb
Ikb

B1.5 (weak), PS (weak), Lorist (weak)
B1.5 (strong), PS (strong), Lorist (strong)

Nrul

no sites

Eagl

no sites

(p) - partial digestion product
(x3) - three fragments of about this size that could not be resolved

Table 5 .4
Digestion and hybridisation pattern of cosmid E0928

Enzyme

Fragment sizes on
agarose gels

Hybridisation pattern

>23kb
15kb
1.9kb

Lorist (strong)
Bl.S (weak)
B1.5 (strong), Lorist (weak)

Eagl

>23kb
lOkb

Lorist (strong)
B1.5 (strong), Lorist (weak)

Narl

>23kb
3. Ikb
2.9kb

Lorist (strong)
B1.5 (weak), Lorist (weak)
B1.5 (strong), Lorist (weak)

Nrul

>23kb
14.5kb

Lorist (strong)
B1.5 (strong), Lorist (weak)

None of the fragments showed any significant hybridisation to the PS fragment.
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Table 5.5
Hybridisation pattern of Bam\\\ fragments from cosmid E0928

Fragment sizes
on agarose gels

Hybridisation pattern

CX52.5

Human
Sonicated
DNA

llk b

**

8kb

*

7kb

**

5.5kb

(*)

3.3kb

**

2.5kb

*

Lorist

B550

B1.5

*

(*)

*

**

2.3kb
1.95kb

*

(*)

*

(*)

(*)
**

l.lSkb

GPS

(*)

(*)

0.95kb
** indicates strong hybridisation to a probe, * indicates moderate hybridisation and (*) indicates very weak
hybridisation.

vector, B550, B1.4 and GPS. The results are shown in Table 5.5.
Cosmid E0928 contained a large amount of repetitive D N A .

Only the 0.95kb

fragment showed no hybridisation to any of the probes used, in addition, the 1.95kb
fragment showed only weak hybridisation to human D N A indicating that it may be only
moderately repetitive and could be suitable as a probe if preannealed before use. The
1.95kb and 0.95kb were subcloned into the plasmid vector pBluescript (Stratagene) and
hybridised to Southern blots of human genomic D N A . Both fragments identified single
fragments on human genomic Southerns, but with a high level of background
hybridisation (results not shown).
The 0.95kb fragment was used in hybridisation to membranes containing human
genomic D NA digested with rare cutting restriction enzymes and separated by PFGE.
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No specific signal was observed and a great deal of background hybridisation was
present, this was not resolved by preannealing the probe prior to hybridisation. This
probe was not used further due to its repetitive nature. The 1.95kb fragment was not
tested as the previous hybridisation results suggested that this was likely to be more
repetitive.

5.3 Discussion
There are at least five copies of the D X S lO l sequence in Xq22 (Hofkers et ah,
1987). Three of these have been isolated in cosmids. Probes were prepared from these
cosmids which were representative of the three copies of D X S lO l that had been isolated.
One proved to be too repetitive for use in long range physical mapping and was not
pursued. Probes representative for the remaining two copies of the D X S lO l locus were
both isolated and mapped. One was found to lie near to the DXS54 and PLP loci. Two
studies have since been presented in which the order of the DXS54 and PLP loci have
been mapped with respect to other loci in Xq22. O ’Reilly et al. (1993) place these two
loci distal to the DXS94 and DXS 17 loci in the order: cen-PLP-DXS54-tel. This order
and position was determined by the use of irradiation and fusion gene transfer (IFG T)
hybrid cell lines and cannot be regarded as definitive as it is based on data from a single
hybrid (O ’Reilly et al., 1993). Vetrie et al. (1993a) placed the DXS54 and PLP loci,
and a copy of the D X S lO l locus assumed to be the same as the copy cloned here,
proximal to the DXS94 locus, between the DXS 178 and DXS94 loci, in the order: cenD X S 101 -DXS54-PLP-tel. This order was determined with YACs, and although a number
of these YACs were chimeric (Vetrie et al., 1993a) this order seems likely to be correct.
This places the copy of the D X S lO l locus recognised by the B550 probe approximately
2Mb distal to the DXS 178 locus. This copy is associated with the Eagl polymorphism
described in chapter 4.
The second copy of the D X S lO l locus that was mapped in this study lies within
550kb of the DXS 178 locus. This is also the copy that is present in the cX52.5 plasmid.
It has not been possible to show whether this is the copy associated with the Mspl
polymorphism. The cosmid containing this copy does not produce either a 7.5kb or a
7.7kb fragment when digested with Mspl, but this could be due to differences in
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méthylation between the cosmid and genomic D N A . The GPS fragment does not show
hybridisation to the polymorphic fragments but this could be because it is from the wrong
side of the D X S lO l sequence. This could be tested by the isolation of a second single
copy fragment from the opposite side of the D X S lO l specific element, and use of this as
a probe on Mspl digests of human genomic D N A .

It is also possible that the Mspl

polymorphism could be associated with a copy of the D X S lO l locus that was not isolated
during this study.

This must lie close to the copy recognised by the GPS probe,

however, as a 1.1Mb YAC has been identified (L. Bradley, personal communication) that
is positive for the polymorphic copy of the D X S lO l locus and also positive for the
DXS 178 locus. The D X S lO l Mspl polymorphism must therefore lie within 1. 1Mb of the
DXS 178 locus, and so within 550kb of GPS.
The use of the D X S lO l Mspl polymorphism has been facilitated by cloning of the
B1.5 probe. It was previously difficult to interpret the results of hybridisation of Mspl
digests with the cX52.5 probe as a number of irrelevant fragments were detected which
could cause confusion. The B1.5 probe does not recognise these additional fragments
and in addition membranes hybridised with the B1.5 probe can be washed to higher
stringency than was possible with the cX52.5 probe leading to lower background
hybridisation.
The B1.5 probe was used to detect the D X S lO l Mspl polymorphism in an
extensive genetic linkage study of X LA families (Lovering et al., 1993a). This study
identified a recombination between the D XSlO l locus and the X LA locus and so placed
D X S lO l as the new distal flanking marker for the XLA locus, IcM from the X LA locus.
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Chapter 6

Results IV: A long range physical map around the
DXS366 and DXS442 loci and the screening of XLA
patients for deletions of these loci

6.1 Introduction
6.2 Results
6.2.1 Long range physical mapping around the DXS442 and DXS366 loci
6.2.2 Physical linkage of the DXS442 and DXS 178 loci
6.2.3 Screening of DNA from XLA patients for deletions of the DXS442 and
DXS366 loci
6.2.4 Mapping a deletion of the DXS442 locus
6.3 Discussion

6.1 Introduction
During the course of this study several new polymorphic loci were identified and
probes isolated that mapped to the same interval as the XLA locus (Dietz band et a l,
1990; Barker et al., 1991). The mapping of one of these loci, DXS265, has already been
described (section 3.2.2). A genetic linkage analysis of Alport syndrome families (Barker
et a l , 1991) placed two more of these loci, DXS366 and DXS442, distal to the DXS3
locus and proximal to the DXS 17 locus. The DXS3 locus was the proximal flanking
marker for the X LA locus at this time.

A recombination event in one of the Alport

syndrome families (Barker et al., 1991) allowed DXS366 to be placed proximal to
DXS442. These loci showed no recombinations with the X LA locus in a preliminary
genetic linkage analysis of nine XLA families (Kwan et al., 1991). As these markers
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appeared to be closely linked to the X LA locus, a long range physical map around each
of these two loci was produced, and attempts were made to link them to other loci in
Xq22. Probes specific for these loci were also used to screen D N A from XLA patients
for possible deletions around the X LA locus.

6 .2 Results
6.2.1

Long range physical mapping around the D XS442 and

D XS366 ioci
D N A from normal female leucocytes was digested with a variety of rare cutting
restriction enzymes singly or in combination with Eagl. The fragments produced were
separated by PFGE, the gels were blotted onto nylon membranes and these were
hybridised sequentially with probes specific for the DXS366 and DXS442 loci. Examples
of these hybridisations are shown in Fig. 6.1 [A ]. From the results of these hybridisations
a preliminary map was constructed. As a number of restriction sites could not be placed
on this map, a number of additional combination digests were performed. Many of these
digests involved Pvul as the preliminary data suggested that this could be used to confirm
the presence of a number of CpG islands in the vicinity of the DXS366 and DXS442 loci.
Fragments were separated by PFGE, blotted and hybridised with probes specific for the
DXS366 and DXS442 loci. Examples of these hybridisations are shown in Fig. 6.1 [B].
The results of all of the hybridisations are summarised in Table 6.1.
A long range physical map was constructed around the DXS366 and DXS442 loci
which spans a total of 1.19Mb, this is shown in Fig. 6.2[A ]. The DXS366 and DXS442
specific probes recognise the same fragments in all digests except with ^ I . The 370kb
and 280kb Sfil partial digestion products recognised by the DXS442 specific probe were
also recognised by the probe specific for DXS366 but the 225kb

fragment was not

seen, instead fragments of 50kb and, more rarely, 150kb, were observed in hybridisations
with the DXS366 specific probe. This suggests that the DXS366 and DXS442 loci lie
within 280kb of each other but on opposite sides of a partially cutting Sfil site.
A number of rare cutting restriction sites are clustered on the distal side of the
DXS442 locus, suggesting the presence of a well defined CpG island at this location.
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Table 6.1
Long range restriction mapping around the DXS366 and DXS442 loci

Enzyme

Eagl
Mlul
Nael
Narl
Notl
Nrul
Pvul
5flcII
Sfil

Smal

EagHMlul
Eagl!Nael
EagHNarl
Eagl! Nrul
Eagl! Pvul
EagHSacll
Eagl!Sfil

Eagl!Smal

Fragment size
seen with the
DXS366
specific probe

Fragment size
seen with the
DXS442
specific probe

Enzyme

Fragment size
seen with the
DXS366
specific probe

Fragment size
seen with the
DXS442 specific
probe

550
380
>1400
280
(280)
550
>1400
800
750
650
(50)
(150)'
(280)
370
280

550
380
>1400
280
(280)
550
>1400
800
750
650
(225)

P v«I/5 j j HII
PvuHNael
PvuHNarl
PvuHNotl
PvuHNrul
PvuHSacll
PvuHSfil

PvuHSmal

360
280
280
750
360
360
(50)
(280)
360
280

360
280
280
750
360
360
(225)
(280)
360
280

BssRlHMlul

550

550

NaellNarl
NaeltSfil

380
380
280
280
380
360
380
(50)
(280)
370
280

380
380
280
280
380
360
380
(225)
(280)
370
280

NaeHSmal

280
(50)
280
280

280
(225)
280
280

NarllSfil
Narl!Smal

nd
280

225
280

Notl! Nrul
NotHSacll

800
650

800
650

(280)
370
280

Fragments produced as a result of incomplete digestion are shown in brackets.
• denotes a fragment that was rarely seen. Fragment sizes are in kb.

The recognition sequences of the enzymes that have sites within this island indicate that
there are at least 11 unmethylated CpG pairs in this island. Another possible CpG
island is located proximal to the DXS366 locus. The placing of rare cutting restriction
sites in the two CpG islands was carried out mostly with reference to the Pvul sites.
Pvul does not cut in the CpG island distal to the DXS442 locus and cuts 80kb from the
CpG island proximal to the DXS366 locus. Double digests with

P

vm I

were used to place

the sites for all of the enzymes that cut in the two CpG islands (Fig. 6.1 and 6.2[A ]).
Digests with Notl in combination with other enzymes suggested there were no Notl sites
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Fig. 6 .1 Physical mapping around the D X S 3 6 6 and D X S 4 4 2
loci
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Normal human DNA digested with various rare cutting restriction enzymes, singly or in combination, as
indicated, separated by PFGE using conditions of lOOV, 120s switch time for 54h, hybridised sequentially
with probes specific for the DXS366 and DXS442 loci. The 50kb and 150kb *^1 fragments recognised by
the DXS366 specific probe are partially obscured by background hybridisation. F = .^ I, S = 5adl, E =
Eagl, P = Pvul, B = BjjHII. LM = zone of limiting mobility. Fragment sizes are in kb.
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in the CpG island or between the proximal Nrul and distal Pvul sites indicated on the
map (Fig. 6.2[A ]) in female leucocyte D N A .
In order to find if the DXS366 and DXS442 loci could be linked physically to the
DXS 178 locus, the membranes used for mapping of the DXS366 and DXS442 loci were
hybridised with a probe specific for the DXS 178 locus. No hybridising fragments were
seen that were recognised by both the DXS 178 specific probe and the probes specific for
the DXS442 and DXS366 loci. The inability to link these loci in this analysis is probably
a result of the CpG islands between the DXS442 and DXS 178 loci (Fig. 6.2 and O ’Reilly
et al., 1993).
An attempt was made to physically link the DXS442 and DXS 178 loci using
partial Pvul digests as Pvul did not cut in any of the islands thus far identified. Female
leucocyte D N A was digested with varying amounts of Pvul between 0.05 units and 30
units in order to obtain partial digestion products. These were separated by PFGE using
conditions designed to separate fragments of up to 2Mb. The gel was blotted onto nylon
membranes and hybridised with probes specific for the DXS442 and DXS 178 loci. With
the DXS442 specific probe, the 750kb complete digestion product was observed along
with a partial digestion product of 1.1Mb. With the DXS 178 specific probe, however,
no hybridisation was observed. It was therefore concluded that the DXS 178 locus lies
on a Pvwl fragment larger than 2Mb.

6 .2 .2 Physical linkage of the DXS442 and DXS178 loci
Attempts were made to link the DXS442 locus to the DXS 178 locus using D N A
from an EBV-transformed B cell line.

Cell lines can have different patterns of

méthylation to leucocyte D NA and may produce different sized fragments on restriction
digestion. The cell line selected, M B U, was derived from a patient with a deletion of
Xq21.3 and which had previously shown differential méthylation in the region of the
X LA locus (M -A . O ’Reilly, personal communication).

D NA from this cell line was

digested with Mlul, Eagl, B5 5 H II, Mlul!BssHII, Mlul!Eagl and EagHBssYill, separated
by PFGE, blotted onto nylon membranes and hybridised sequentially with probes specific
for the DXS442, DXS366 and DXS 178 loci.

The results of these hybridisations are

shown in Table 6.2.
An Mlul fragment of 1.3Mb that is not present in leucocyte D N A was observed
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Table 6.2
Hybridisation of DNA from the MBU cell line

Enzyme(s)

Fragment sizes in DNA from the MBU cell line with probes specific
for the loci given below
DXS442

DXS366

DXS178

1300kb

1300kb

1300kb

550kb

550kb

540kb

Eagl

380kb

380kb

390kb

Mlul!Eagl

380kb

380kb

390kb

MluHBssmi

380kb

380kb

540kb

380kb

380kb

320kb

Mlul

on hybridisation of DNA from the MBU cell line with probes specific for the DXS442
and DXS366 loci. This is presumably because one (or more) Mlul sites is differentially
methylated in leucocyte and MBU cell line D N A . The sizes of fragments produced by
B5 5 H II and Eagl alone or in combination are the same as in leucocyte D N A , it was
therefore assumed that these enzymes cut in the same positions as in leucocyte D N A .
This has allowed the placement of the Mlul site in M BU D N A at the position shown (Fig.
6.2[B ]). The DXS 178 specific probe p212XT also recognised a 1.3Mb Mlul fragment
(Fig. 6.2[B] and 6.3).

This suggested that the DXS442 and DXS 178 loci lie within

1.3Mb of each other. The putative position of the DXS 178 locus with respect to the
DXS442 locus, determined from the results of hybridisation of D N A from the M BU cell
line is shown in Fig. 6.2[B ]. The probe specific for the DXS 178 locus recognises an
Mlul fragment of 130kb in leucocyte D N A . Fragments of this size were not present on
this gel it is therefore impossible to say whether the 1.3Mb fragment represents a partial
digestion product or whether one of the Mlul sites surrounding the DXS 178 locus in
D N A from the M BU cell line was methylated and therefore not cut. It was not possible
to confirm the linkage of the DXS442 and DXS 178 loci on any other fragment, the
possibility of the two markers coincidentally recognising fragments of the same size
cannot therefore be ruled out.
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Fig. 6 .3 Physical mapping around the D X S 3 6 6 and D X S 4 4 2
loci in D N A from the M BU cell line
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DNA from an EBV transformed B cell line, MBU, digested with Mlul, Eagl, or BjjHII, separated by
PFGE using conditions 170V, 170s switch time for 24h followed by 170V, 70s switch time for 16h.
Hybridised sequentially with probes specific for the DXS366, DXS442 and DXS 178 loci. M = Mlul, B
=

E = Eagl. Fragment sizes are in kb unless otherwise stated.
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6 .2 .3 Screening of DNA from XLA patients for deletions of the
DXS442 or D XS366 loci
D N A from 46 unrelated X LA patients, digested with Eagl or B jjH II, was
hybridised with the DXS442 specific probe. Fragments of the expected sizes (Table 6.1)
were seen in D N A from all patients except one. No hybridising species were seen in
D N A from patient 276 digested with either of the two enzymes (Fig. 6.4[A ] and [B]).
There were two possible explanations for this:
■ an altered sized fragment was produced by digestion with these enzymes that
was either very small and run o ff the end of the gels, or was very large and was not
being resolved from the zone of limiting mobility.
■ this patient was deleted for the DXS442 locus
D N A from patient 276 was digested with Sacll or Nrul singly or in combination
with Pvul, and with Sfil. This was separated by PFGE, blotted on to nylon membranes
and hybridised with the DXS442 specific probe. No hybridising species was seen. This
confirmed that patient 276 was deleted for the DXS442 locus.
Patient 276 is a member of a large Dutch X LA pedigree which has previously
been studied by genetic linkage analysis (Mensink et al., 1984, 1986). D N A from patient
276, additional family members from different parts of the pedigree (5 affected males and
6

unaffected males) and control individuals was digested with Mspl or EcoRI and

analyzed by conventional Southern blot analysis. The deletion of the DXS442 locus was
found in all affected family members, whilst the unaffected family members and control
individuals showed the normal pattern hybridisation pattern (results not shown).

The

deletion of the DXS442 locus was segregating with the disease in this family.

6 .2 .4 Mapping a deletion of the D XS442 locus
In order to define the extent of the deletion, membranes containing D N A from
patient 276 were hybridised with the DXS366 specific probe. In all cases the species
detected by the DXS366 specific probe was 10 to 20kb smaller in D NA from patient 276
than in D NA from control individuals (Fig. 6.4[A ], [B] and [C ]). The 550kb B^^HII
fragment detected by DXS366 in normal control individuals was reduced to about 540kb
in this patient (Fig. 6.4[A ]), the 380kb Eagl fragment detected by DXS366 was reduced
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Fig. 6 .4 Identification of an interstitial deletion in an XLA
patient
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DNA from patient 276, a male control (M) and a female control (F), digested with various rare cutting
restriction enzymes, singly or in combination, as indicated, separated by PFGE using conditions of: [A]
and [B], 120V, 120s switch time for 54h; [C] llOV, 90s switch time for 54h. Hybridised with probes
specific for the loci shown. With the probe specific for the DXS442 loci, no hybridisation is seen in DNA
from patient 276, where the DXS366 specific probe is used, a fragment 10-20kb smaller than in the normal
control is detected. LM = zone of limiting mobility. Fragment sizes are in kb.
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to 360kb (Fig. 6.4[B ]) and the 280kb Sfil fragment was reduced to about 260kb (results
not shown).

Similarly in double digests the products of Sacll/Pvul and Nrul!Pvul

digestion were reduced from 360kb to about 350kb (Fig. 6 .4 [C ]).

This was most

consistent with the presence of a small interstitial deletion in the D N A from patient 276
of 10 to 20kb encompassing the DXS442 locus, but none of the surrounding loci, and no
rare cutting restriction enzyme sites.

6.3 Discussion
A long range physical map around the DXS366 and DXS442 loci has been
produced. These two loci lie within 280kb of each other (Fig. 6.2[A ]). In addition, two
previously unidentified CpG islands were revealed.
DXS442 loci.

These flank the DXS366 and

The island lying distal to the DXS442 locus contains sites for

8

rare

cutting restriction enzymes, representing 11 unmethylated CpG pairs. This is likely to
mark a gene and may mark a gene cluster (Gardiner et al., 1990).
During the course of this study, genetic linkage analyses of X LA families
(Lovering et al., 1993a; Parolini et al., 1993) found that, despite the close physical
linkage of the DXS366 and DXS442 loci, they were not in linkage disequilibrium. Both
loci are thus of value for carrier status determination and prenatal diagnosis.

The

DXS442 locus has been placed distal to the DXS366 locus from a recombination event
between these two loci identified in an individual with Alport syndrome (Barker et a l.,
1991).

No physical orientation of these two loci has been presented.

The possible

physical linkage proposed between the DXS442 and DXS 178 loci would place the
DXS366, locus proximal to the DXS442 locus, in agreement with the genetic linkage data.
Patient 276 represented the first identification of an interstitial deletion in an XLA
patient. The deletion is small, encompassing only about 10 to 20kb of D N A , and it was
hoped that this would lead to a substantial narrowing of the area o f D N A in which the
XLA gene could lie, and thus facilitate its cloning. Genetic linkage studies (Lovering et
al., 1993; Parolini et al., 1993) showed recombinations between the DXS442 locus and
the disease locus. This placed the DXS442 locus at the outer edge of the X LA candidate
region, but, it would still be possible for DXS442 to form a part of the disease locus if
the gene responsible were large or had several large introns, recombination could then
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be envisaged as occurring within the gene.
The next step in using the deletion to facilitate the cloning of the X LA gene would
have been to isolate DXS442 positive cosmids and to use these to screen a cDNA library
for transcribed sequences. It would also have be possible to fine map the deletion using
enzymes such as EcoRI, BamYil, Pstl and //m d lll. This was not carried out as it was
at this time that a candidate for the X LA gene was cloned (Vetrie et al., 1993b; Tsukada
et al., 1993). This gene was placed within 200kb of the DXS178 locus, and not close
to the DXS442 locus where the deletion was found. It was possible that there was a
second gene responsible for X LA , at the DXS442 locus. It was decided, however, to
sequence the BTK gene in this patient before proceeding with cloning attempts at the
DXS442 locus. Sequencing of the BTK gene in patient 276 is presented in chapter
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Chapter 7

Results V: Physical mapping around the BTK and
GLA gene loci

7.1 Introduction
7.2 Results
7.2.1 Physical mapping around the BTK and GLA loci
7.2.2 Physical linkage of the BTK and GLA loci to the DXS178 locus
7.2.3 Attempts to link the BTK locus to the DXS442 locus
7.3 Discussion

7.1 Introduction
There were two, almost simultaneous, reports of the cloning of a gene involved
in X-linked agammaglobulinemia at the beginning of 1993. Vetrie et a l (1993b) used
a positional cloning approach whereas Tsukada et al. (1993) cloned the murine
homologue of the same gene via a candidate gene approach. The gene identified encoded
a non-receptor tyrosine kinase with homology to the Src family of protein tyrosine
kinases. Abnormalities in this gene (Vetrie et al., 1993b) or its protein product (Tsukada
et al., 1993) were identified in XLA patients making this a very good candidate for the
XLA gene. The consensus name for this gene is BTK (for Brutons Tyrosine Kinase).
The study by Tsukada et al. (1993) presented little physical mapping of the gene isolated,
other than to show that it mapped to the correct interval of the human X chromosome
near to the DXS178 locus. The nature of the approach taken by Vetrie et al. (1993b)
however, had required additional physical mapping of the region. This showed that the
BTK gene lay within 200kb of the DXS178 locus and close to the gene for agalactosidase A (GLA) (Bernstein et al., 1989).

The GLA gene locus had not been

placed on the physical map of the Xq22 region produced in this laboratory (O ’Reilly et
149

al. y 1993), and the BTK locus was not at this time linked to either of the genetic flanking
markers for the X LA locus, D X S lO l and DXS442. A limited physical mapping study
around the BTK and GLA gene loci was therefore undertaken to confirm their position
in Xq22, to place them on the physical map of the X LA candidate region, and to attempt
to link them to the flanking markers, thus completing the physical map around the XLA
locus.

7.2 Results
7.2.1 Physical mapping around the BTK and GLA loci
Membranes that had been previously used for the long range physical mapping of
the DXS442, DXS366 and D XS lO l loci were rehybridised

withthe BTK cDNA probe

7 c ll (obtained from Dr. D . Vetrie, Guys Hospital, London) and with the GLA specific
probe GLx6 (see appendices B and D ). The results of these hybridisations were used to
produce a preliminary map around the GLA and BTK loci. Additional digests were then
carried out to confirm the positions of the restriction sites on the map produced. These
were blotted and hybridised with probes specific for the BTK and GLA loci. The results
of all of the hybridisations are summarised in Table 7.1, examples are shown in Fig. 7.1.
These results were used to produce the physical map around the BTK and GLA loci
shown in Fig. 7.2.
The two loci are very closely linked and lie within 70kb of each other on a
common SfiVEagl fragment. They also share Eag\ and B5 5 H II fragments of l(X)kb. The
loci are separated by Pvul and 5ûcII sites. The BTK specific probe recognises a Pvul
fragment of 710kb and a Sacll fragment of 80kb, whereas the GLA specific probe
recognises a Pvul fragment that is not resolved from the zone of limiting mobility and
so is larger than 850kb, and a Sacll fragment of 20kb.
The more extreme sites on the map were placed

using the results of partial

digestion reactions, these are therefore subject to a small degree of uncertainty. These
sites are marked in brackets on Fig. 7.2.

It should be noted that although the map

produced fits the data well, it is possible that other positions of these outlying sites might
also be consistent with the results obtained. The BTK and GLA loci are surrounded by
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Table 7.1
Physical mapping around the BTK and GLA loci.
Enzyme

Fragment size detected
BTK

GLA

B ssm i

100
180
280

100
180
280

Eagl

100
180
280

100
180
280

MM

360

360

Pvu\

710

>850

Sacll

80

20

Sfil

110
170

110
170

BssKlHMM

100
180

Enzyme

100
180

Fragment size detected
BTK

GLA

BssYHHEagl

100
180
280

100
180
280

MMIEagl

100
180

100
180

PvuHEagl

80
100
170

20
100

SfiHEagl

70
100
180

70
100
180

80

20

MMIPvul

180

160

SfiHPvul

80
110
170

90
110
170

SaclHPvul

80

20

Fragment sizes are in kb. Where multiple fragments are given these are a result of partial digestion at one
or more sites.

a number of CpG islands. These are numbered 1-5 in Fig. 7.2. Three of these islands
appear to correspond in position to those identified by Vetrie et al., (1993b). These are
underlined in Fig. 7.2. Vetrie et al. (1993b) were unable to separate the BTK and GLA
loci on a restriction map of genomic D N A . This has been possible here by the use of
Pvul and Sacll digestion. These two enzymes both cut at the same position between the
BTK and GLA loci, and may identify a CpG island associated with the 5 ’ end of the BTK
gene (island 4; Fig. 7.2). The 5’ end of the BTK gene lies closest to the GLA locus
(Vetrie et al., 1993b).

This leaves three CpG islands (island 4 in Fig. 7.2 may be

associated with the GLA gene) that are not associated with any cloned gene.
therefore likely that there are other genes, or gene clusters, in this region.
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Fig. 7.1 Physical mapping of the BTK and GLA gene loci
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DNA from normal female leucocytes digested with various rare cutting restriction enzymes, singly or in
combination, as indicated, separated by PFGE using conditions of lOOV, 110s switch for 54h, hybridised
with probes specific for the BTK and GLA gene loci. The fragments recognised by the BTK specific probe
are partially obscured by background hybridisation. E = Eag\, S = 5adl, F = Sfi\, P = Pvul. Fragment
sizes are in kb. The 280kb Eagl partial digestion fragment is not visible on this gel as digestion proceeded too
far towards completion.
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7 .2 .2 Physical linkage of the BTK and GLA loci to the DXS178 locus
The DXS178 specific probe recognises mainly small fragments on hybridisation
to D N A digested with rare cutting restriction enzymes due to the CpG islands
surrounding this locus (O ’Reilly et al, 1992). The BTK and GLA specific probes also
recognised small fragments as these loci too are surrounded by CpG islands. The only
enzyme used which produced a large fragment around the BTK and GLA loci was Pvul.
This gave a fragment of 710kb with the BTK specific probe and a fragment that did not
resolve from the zone of limiting mobility around the GLA locus. As these two loci were
closely linked and had been mapped to within 140kb of DXS178 by Vetrie et al. (1993b)
it was expected that one of these two loci would be linked physically to the DXS178
locus on a Pvul fragment.

D N A from female leucocytes was digested with Pvul and

separated by PFGE using conditions designed to separate fragments of up to 4M b. This
was blotted and hybridised sequentially with probes specific for the DXS178, GLA and
BTK loci.

The DXS178 specific probe recognised a fragment of 2.5M b (Fig. 7.3A)

which was also recognised by the GLA specific probe (Fig. 7.3A ). This suggested that
these two loci were linked physically. The BTK specific probe recognised a fragment
of 710kb (Fig. 7.3A) seen previously. Subsequent hybridisation of the Pvul digests with
the D X S lO l specific probe GPS showed that this also recognised the 2.5M b Pvwl
fragment (Fig. 7.3A ). The BTK, G LA, DXS178 and D X S lO l loci could also be linked
on a 1.1Mb Nrul fragment (Fig. 7.3B ), although the Nrul sites could not be placed on
the physical map.
Further evidence of the linkage between the DXS178 locus and the BTK and GLA
loci was obtained by hybridisation of the DXS178 specific probe to A /M digests. The
DXS178 specific probe recognised the 360kb Mlul fragment on which the BTK and GLA
loci also lie (Fig. 7.4).

The DXS178 specific probe had previously been shown to

recognise a fragment of 130kb (O ’Reilly et al., 1992). This was seen as a minor species in
these hybridisations, probably because the D N A used was from a different source. This
linkage of the BTK, GLA and DXS178 loci allowed the placement of the BTK and GLA
gene loci on the physical map around the DXS178 and D X S lO l loci already produced. This
is shown in Fig. 7.5. It was assumed that it was the proximal Mlul site on the map produced
by O ’Reilly et al. (1993) that was partially digested in the D N A samples used in this
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Fig. 7.3 Physical linkage of the DXS101/GPS, DXS178,
GLA and BTK loci

Nru

Pvu I

lM

LM

2 5Mb

1,1M b
750
7 10

C
M
^

85 0

<
00 </>
-j
rv Û.
“

CD

-

CD

O

.7

CD

Normal female leucocyte DNA digested with Pvul or Nrul, separated by PFGE using conditions of 40V,
2500s switch time for 178h, hybridised sequentially with probes specific for the DXSIOI/GPS, DXS178,
GLA, BTK and DXS442 loci. The fragments recognised by the BTK specific probe are partially obscured
by background hybridisation, a 710kb Pvul fragment and a 1.1Mb

iVruI

fragment are recognised by this

probe. LM = zone of limiting mobility. Fragment sizes are in kb unless otherwise stated.
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Fig. 7.4 Close physical linkage of the DXS178, GLA and
BTK loci on a 360kb Mlu\ fragment

Mlu\
12

12

12

360
360
130

BTK

GLA

DXS
178

DNA from two normal males (1 and 2) digested with Mlul, separated by PFGE using conditions of 120V,
120s switch time for 54h, hybridised sequentially with probes specific for the loci indicated. The apparent
difference in mobility of the two samples is due to overloading of the DNA in track 2. LM = zone of
limiting mobility. Fragment sizes are in kb.
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This map confirms the position of the BTK gene proposed by Vetrie et al.

(1993b).

7 .2.3 Attempts to link the BTK and DXS442 loci
Genetic linkage analysis (Lovering et al., 1993a; Parolini et at., 1993) identified
DXS442 and D X S lO l as the proximal and distal flanking markers, respectively, of the
X LA locus. The results presented in this thesis have demonstrated linkage of the BTK
gene locus to the D X S lO l locus. Attempts were therefore made to link the BTK gene
locus to the DXS442 locus, and thus complete the physical map of the X LA candidate
region.

As no complete digestion product was identified on which the two loci were

linked, a series of Pvul partial digests were carried out. The fragments were separated
by PFGE using conditions designed to resolve fragments of up to 2Mb.

The gel was

blotted and probed sequentially with probes specific for the DXS442 and BTK loci. The
DXS442 specific probe recognised fragments of 750kb and 1.3Mb (Fig. 7.6), the BTK
specific probe recognised only a fragment of 710kb (Fig. 7.6).

The 1.3Mb partial

digestion product observed with the DXS442 specific probe probably represented partial
digestion at the Pvul site on the proximal side of the DXS442 locus. No partial digestion
product was seen in hybridisations with the BTK specific probe even at very low
concentrations of enzyme. The failure to observe a partial digestion product at the BTK
locus could be due to:
■ the sites around the BTK locus being particularly susceptible to digestion,
possibly as a result of being within a CpG island, or perhaps because several sites occur
close together.
■ partial digestion products being too large to be resolved. For example, partial
digestion at the P vmI site distal to the BTK locus would result in a fragment of 3.2M b.
This would not be resolved using the conditions employed here.
A 1.3Mb Mlul fragment had previously been observed in D NA from an EBV
transformed B cell line on which it appeared that the DXS 178 locus could be linked to
the DXS442 locus. If these two loci were indeed linked then both the GLA and BTK
specific probes should also hybridise to this 1.3Mb Mlul fragment. Rehybridisation of
the membrane with the BTK and GLA specific probes revealed a major hybridising
species of approximately 700kb. It therefore seemed most likely that the 1.3Mb Mlul
158

Fig. 7 .6 The BTK and D X S 4 4 2 loci do not lie on th e same
Pvu\ partial digestion fragm ent

Pvu I

LM

1, 3 M b
710

DXS
442

BTK

Normal female leucocyte DNA partially digested with Pvul (5U or lOU of enzyme, as indicated, at 37°C
for 3h). Fragments separated by PFGE using conditions of 40V, 1800s switch time for 130h, hybridised
sequentially with probes specific for the DXS442 and BTK loci.
Fragment sizes are in kb unless otherwise stated.
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LM = zone of limiting mobility.

fragment recognised by the DXS366 and DXS442 specific probes was coincidentally the
same size as the fragment recognised by the DXS 178 specific probe, but that these were
not the same fragment. In addition, the map around the DXS366, DXS442 and D XS 178
loci in D N A from the M BU cell line produced previously (Fig. 6.2) was not consistent
with the genomic map including the BTK and GLA loci.

It has not been possible,

therefore, to link the BTK and DXS442 loci physically.

7 .3 Discussion
Physical mapping around the GLA and BTK loci has placed these two loci within
70kb o f each other, separated by Pvul and Sacll sites. There are 5 CpG islands in the
300kb o f D N A surrounding these two loci. One of these lies at the 5 ’ end of the BTK
gene, another may be associated with the GLA gene. This leaves three CpG islands for
which there is no associated gene known. This suggests the possibility that there are
more, as yet unidentified, genes in this region of Xq22. A number of other cDNAs that
map to this region have now been cloned (I. Vorechovsky, Karolinska Institute, Sweden;
personal communication). It is possible that some of these may be associated with the
CpG islands.

These genes are awaiting analysis.

In addition, this region of the X

chromosome is in the Giemsa light staining, Xq22.1 band. Giemsa light staining bands
have previously been suggested to be rich in genes (Bemardi, 1989). A ll of this suggests
that this region of Xq22 might be gene rich.
This study has shown the physical linkage of the GLA and BTK loci to the
DXS 178 and D X S lO l loci. The GLA, DXS 178 and D X S lO l loci have all been linked
on a 2.5M b Pvul fragment, and a 1.1Mb Nrul fragment has been identified on which the
GLA, BTK, DXS 178 and D X S lO l loci are linked. In addition, a 360kb M lul fragment
has been identified on which the BTK, GLA and DXS 178 loci are linked. This may be
a partial digestion product as the DXS 178 specific probe has previously recognised an
Mlul fragment of 130kb (O ’Reilly et al., 1992), or may be as a result of using D N A
from a different source. Linkage of the three loci on this fragment places the GLA locus
140 to 160kb from the DXS 178 locus. This is in agreement with the findings of Vetrie
et al. (1993b) which place the DXS 178 locus 140kb distal to the GLA locus.
An attempt has been made to link the BTK locus to the proximal DXS442 locus
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and so to complete the physical map of the X LA region of Xq22. No common fragment
on which these two loci are located has been identified, and partial digestion with

P

vm I

also failed to identify a common fragment. D N A from EBV transformed B cell lines and
YACs have also been utilised in an attempt to link these two loci. A VAC was identified
that contained the DXS366, DXS442, BTK, GLA and DXS 178 loci (L . Bradley, personal
communication), but mapping data from this was inconsistent with the genomic map, and
suggested that this Y AC was deleted for at least 200kb of D N A between the DXS442 and
BTK loci.

None of the approaches used to complete the map of the X LA candidate

region was successful.
Hence, whilst it has been possible to link the BTK locus to the distal flanking
marker of the X LA locus, the D X SlO l locus, it has not been possible to complete the
physical map by linking the BTK and DXS442 loci. This is due, at least in part, to the
large number of CpG islands between them.

This large number of CpG islands,

however, suggests that this is a very gene rich region and would be a good target for
future cloning attempts for any disease-related gene found to map to the Xq22 region of
the X chromosome.
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Chapter 8

Results VI: Analysis of the BTK gene In XLA patients

8.1 Introduction
8.2 Results
8.2.1 Southern blot analysis of the BTK gene in 46 unrelated X LA patients
8.2.2 Investigation of 5 X LA patients with deletions of the BTK gene
8.2.3 Sequencing across the deletion breakpoints in two X L A patients
8.2.4 Complete sequencing of the BTK gene in patient 276, an X LA patient with
a deletion of the DXS442 locus
8.3 Discussion

8.1 Introduction
The cloning of BTK, the gene for X LA (Vetrie et al., 1993b; Tsukada et at.,
1993) opened a great many avenues for the further study of this immunodeficiency
disease. These include the elucidation of the genomic structure of the gene, the study of
the protein product and the identification of mutations in X LA patients. Mutations can
be correlated with disease severity to give insights into how the protein product of this
gene functions and how the abnormal functioning of this protein leads to disease. It can
also lead to more accurate methods of carrier status determination and prenatal diagnosis
for families affected with XLA . As a theme of my project had been the identification of
patients with interstitial deletions, I decided to continue with this study and screen the 46
unrelated X LA patients who had previously been investigated, for deletions or other
rearrangements of the BTK gene.
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8.2 Results
8.2.1 Southern blot analysis of the BTK gene in 4 6 unrelated XLA
patients
D N A embedded in agarose blocks from 46 unrelated X LA patients was used for
the analysis of the BTK gene by Southern blotting. These samples were already prepared
and a number of the patients were either deceased or otherwise unavailable to re-bleed.
D N A was digested with either Taql or Mspl and then separated by conventional gel
electrophoresis and blotted onto nylon membranes. The whole BTK cDNA clone (14.6;
obtained from D r. D . Vetrie, Guys Hospital, London) was divided into 4 segments by
digestion with EcoRI and HinàlW. This produces 5 fragments (Fig. 8.1), one of these
is very small and lies between sections A and B, this is not useful for hybridisations.
The remaining four sections were named sections A, B, C and D , of which D is the most
5 ’ (Fig. 8.1).

The membranes containing D N A from patients were hybridised

sequentially with these four sections and with the whole cDNA.
The use of DNA in agarose blocks led to partial digestion of a number of samples,
in some cases it was difficult to distinguish the loss of a restriction fragment site due to
a point mutation from one due to partial digestion.
whom an unambiguous mutation was detected.

Seven patients were identified in

Five of these were deletions as they

showed altered restriction patterns with both Taql and Mspl digests, these five patients
had also been investigated by Vetrie et al. (1993b; patients D -H ). These patients were
studied in detail and results of this are shown in section 8.2.2.

The remaining two

patients showed altered restriction patterns with only one of the two enzymes used and
with only one of the sections of the cDNA. One of these patients, JG, was previously
identified by Vetrie et al. (1993b; patient C), the other was identified in this study. The
new patient (SG) showed an altered band pattern on an Mspl digest when probed with the
whole cDNA (results not shown). This was probably a point mutation which resulted in
the gain of an Mspl site.
Two additional patients were identified in which it was suspected that there were
point mutations but where these could not be confirmed due to partial digestion of the
samples.

The remaining 37 patients did not have mutations that were detectable by

Southern blot analysis using Mspl and Taql and hybridising with the cDNA.
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Fig. 8.1 Restriction m a p of the BTK cDNA
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8 .2 .2 Investigation of 5 XLA patients with deletions of the BTK
gene
The five patients in which deletions had been identified were analyzed further in
order to define the deletions more precisely and to identify junction fragments that could
be useful in carrier detection and prenatal diagnosis in these families. D N A from each
of these patients was digested with Mspl,

or Pstl, separated by conventional gel

electrophoresis, blotted onto nylon membranes and hybridised sequentially with each of
the four segments A , B, C and D . The results of hybridisation o f Pstl digested patient
D N A are shown in Fig 8.2 and all the results are summarised in Table 8.1.

8 .2 .2 .1 Genomic maps of the BTK gene
The fragments recognised by each of the sections of the cDNA in these digests
could be ordered as many of the fragments were recognised by more than one segment
of the cDNA. The ordering of the fragments was also facilitated by observation of which
fragments were deleted or altered in each of the patients. It was assumed that each of
the patients had one single continuous deletion within their D N A . Using these results it
was possible to construct maps of the genomic region containing the BTK gene. Maps
of both the Pstl and EcoPl sites were constructed (Fig. 8.3) although it was not possible
to combine these maps as no double digests with these two enzymes were carried out.
Examination of the fragments recognised by the different sections of the cDNA
and the positions o f restriction sites within the cDNA (Fig. 8.3) allowed several
conclusions to be drawn about the genomic organisation of the gene.
Section B of the cDNA must contain at least one intron which does not lie
between the two Mspl sites present in the cDNA (Fig. 8.3), section C contains at least
one intron which does not lie between the two Pstl sites (Fig. 8.3), and section D
contains at least two introns. This was taken into account in construction of the maps
shown in Fig. 8.3.
The genomic D N A covers around 35kb of D N A (Fig. 8.3). This is a little larger
than the estimate of around 20kb made by Vetrie et al. (1993b).

8 .2 .2 .2 Identification of deletion junction fragments
The different deletions in the five XLA patients were investigated in more detail.
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Legend to Fig. 8 .2

DNA from 5 XLA patients (PK, BaW, NGM, PJDSM and AL) and a control individual (C) digested with Pstl, separated by conventional electrophoresis and
hybridised sequentially with sections A, B, C and D of the BTK cDNA and with the 5D8 cDNA. Hindlll digested lambda DNA was used as size standards (not
shown). Fragment sizes are in kb.

Fig. 8 .2 Deletion mapping in 5 XLA patients
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Table 8.1
Southern blot analysis of five XLA patients with deletions of the BTK gene

Enzyme

EcoRI

Mspl

Section of
cDNA used in
hybridisation

Fragment sizes recognised in five XLA patients and a control
Control

NGM

PJDSM

AL

BaW

PK

A

2.3

2.1

-

2.1

2.3

nd

B

6.6
2.3

_

-

-

(6.6)
2.1

6.6
2.3

nd
nd

C

6.6

-

7.5

6.6

6.6

nd

D

>12
9.5
6.6

.

9.5
-

> 12
9.5
7.5

>12
9.5
6.6

> 12
9.5
6.6

nd
nd
nd

A
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D N A from patient NG M contained a large deletion beginning in section B of the BTK
gene and extending into section D. D NA from patient A L had a deletion beginning in
section B and extending just into section D , whilst D N A from patient PK had a deletion
which was contained within section D (Figs. 8.2 and 8.4).

The deletion in patient

PJDSM extended beyond the 3’ end of the BTK gene (Figs. 8.2 and 8.4).

No

hybridisation was visible with sections A or B and altered restriction patterns were seen
with section C suggesting that the 5 ’ deletion breakpoint was in section C (Figs. 8.2 and
8.4).

With patient BaW a more complex hybridisation pattern was seen.

The

hybridisation pattern with EcoRI appeared comparable to normal (Table 8.1). With Pstl
there was a gain of a site in section C of the cDNA, accompanied with a loss o f about
500bp of D N A (Fig. 8.2), whereas the results of Taql (results not shown) and Mspl
(Table 8.1) digestion indicated a loss of about 600bp of D N A . These results seemed
most consistent with a deletion of 500 to 600bp of D N A in section C and the consequent
formation of a Pstl site at the deletion junction. The failure to identify this deletion in
the EcoRI digest is probably due to its small size in relation to the size of the fragment
in which it occurs (Table 8.1, Fig. 8.4). With all of these patients there was at least one
digest which resulted in an altered D N A fragment when compared to D N A from normal
individuals. These fragments lie on the junctions of the deletions and can be used in
carrier status determination and prenatal diagnosis of X LA farçilies, as these altered
fragments can be used to identify the affected chromosome.

8 .2 .2 .3 A gene which may be involved in X-linked deafness
A second cDNA, 5D8, was obtained from D r. I. Vorechovsky (Karolinska
Institute, Sweden) which had been found to lie 3’ of the BTK cDNA (I. Vorechovsky,
personal communication). This was labelled and hybridised to membranes containing
D NA from the deletion patients. With every enzyme tested, this cDNA recognised two
fragments. Only one of these fragments was present in D N A from patient PJDSM (Fig.
8.2). The fragment that was present was always of the same size as one observed in
control DNAs. It was suspected that the second fragment being detected in each case was
a cross hybridising species on an autosome and that PJDSM was completely deleted for
the X-linked sequence.

A second cDNA, P e l2, which comes from the same gene as

5D8, was labelled and hybridised to the Southern membranes. This also recognised two
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Fig. 8.4

Schematic representation of the deletions d e t e c t e d In 5 XLA patients
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DNA fragm ents

fragments, thus making it unlikely that 5D8 was a chimaera of two cDNAs from different
regions of the genome that had become ligated together.

A membrane was produced

containing D NA from: the A N LY cell line (a hybrid cell line whose only human
constituent is the Xql2-Xqter portion of the X-chromosome, on a rat background); the
RAG cell line (the rat parent of A N LY ); patient PJDSM; a normal male; a normal
female; and the LCL-127 cell line (a 4X cell line). This was hybridised with the 5D8
cDNA.

Two species were recognised in all samples except the RAG cell line (no

hybridising species) and DNA from patient PJDSM (one hybridising species). The two
bands were of equal intensity in the other samples (results not shown). This indicated
that both species came from the Xql2-Xqter region of the X chromosome. The most
likely explanation was that the two species recognised by the 5D8 cDNA represented two
or more exons separated by at least one large intron which contains the sites for a large
number of restriction enzymes. The 3’ deletion breakpoint in patient PJDSM must also
be within this putative intron.
A review of the clinical symptoms of patient PJDSM revealed that along with
X LA he also suffered from bilateral deafness. It was thus possible that the second gene
disrupted in this patient could be responsible for his deafness.

A form of X-linked

deafness has been mapped to the X ql3-Xq21.3 region of the X-chromosome (Reardon
et al., 1991a and b), but genetic heterogeneity was demonstrated (Reardon et al., 1991a
and b) and it is possible that another gene for X-linked deafness maps to Xq22.

One

complication of X LA is Otitis media infection, which may result in bilateral deafness, in
addition, the use of ototoxic antibiotics to treat infections in X LA patients may also result
in deafness. This boy is known to have suffered from Otitis media and it is, therefore,
not possible to say whether his deafness is genetic or acquired. Further study of the gene
from which 5D8 is derived w ill be required before this can be put forward as a candidate
gene for X-linked deafness.

8 .2 .3 Sequencing across the deletion breakpoints in two XLA
patients
A set of 24 PCR primers for the BTK cDNA were designed (Fig. 8.5 and
appendix C). PCR reactions were carried out on cDNA prepared from peripheral blood
cells from patients A L, PK and BaW. PJDSM and N G M were not studied as the
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Fig. 8.5 A p p r o x i m a t e
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deletions in these patients extended beyond the region which could be amplified using the
primers available.

The following primer pairs were used to amplify cDNA from the

three patients:
A l. Start F B I O I R

A6 .

A 8 R 901

A2. Start F BIO

A7.

A8 R

2R

849F

A3.

Start F BIO - SH3NT

A8 .

ERB2-^ A llF

A4.

Start F BIO -> 5R

A9.

ERB2 -> BS5’

AlO.

ERB2 ^ ASi5’

A5. A 8 R ^ NTSH3

(Fig. 8.5 and appendix C). No amplification was seen using cDNA from patient PK in
reactions that involved the Start F BIO primer (reactions A l to A 4), a faint band of the
normal size could be seen in all of the other reactions. This suggested that the region of
the cDNA containing the Start F BIO primer sequence was deleted in this patient. As
this was the most 5 ’ of the PCR primers, further analysis of this patient was not possible.
It was most likely that this patient had a deletion of the 5 ’ untranslated region o f the gene
which disrupted translation.
The PCR products amplified from cDNA from patient A L were of the normal size
in all of the reactions except A 8 , A9 and AlO (Fig.8
was no product at all in reaction A 8 (Fig.

8

.6

and results not shown). There

. 6 ) and reactions A9 and AlO both yielded

products that were smaller than the expected size (Fig.

8 .6

and results not shown). This

suggested that the deletion lay between the BS5’ and the ERB2 primer sequences and
encompassed the A 1IF primer sequence.
cDNA from patient A L was amplified using the primers ERB2 and BS5’ (reaction
9) which produced a band of 637bp in control cDNA, but a band of 295bp in cDNA from
patient A L (Fig.

8

. 6 ). The biotinylated strand was sequenced using BS5’ as a sequencing

primer (Fig. 8.7).

The patient has a deletion which starts at nucleotide position 1704

(amino acid position 524) of the cDNA (Fig. 8.7).

342 nucleotides of the cDNA are

deleted and the cDNA sequence is resumed at nucleotide position 2046 (amino acid
position 638) (Fig. 8.7).

This produces an in frame protein which is deleted for 114

amino acids deleting a large part of the substrate specific domain and much o f carboxy
terminal domain of the protein.
produced which may be unstable.

Most likely, a truncated, non functional protein is
As might be expected, this patient has a severe

phenotype, having undetectable levels of both circulating B cells and serum
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Fig. 8.6 PCR amplification of cDNA from patient AL

Ô °
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1

Start F BIO —*> XIR

Reaction 9

Reaction 8
ERE 2 BIO —»• A l l F

ERB 2 BIO —>• BS5’

cDNA from patient AL and a control individual, and a control reaction to which no DNA was added, were
amplified using the BTK primer pairs shown. The reaction numbers refer to series A (see text). The
products of these reactions were electrophoresed through standard agarose gels along with Ikb ladder
markers, and stained with ethidium bromide. Fragment sizes are in bp.
174

Legend to Fig. 8 .7

cDNA from patient AL and from a control individual were amplified using the BTK primer pair ERB 2 BIO and BS5’ (reaction A9) and sequenced from the BS5’
primer (patient AL and the control) and the A l l F primer (control only, patient AL is deleted for the A l l F primer). The sequence across the deleted region in
patient AL, the nucleotide positions of the 5’ and 3’ deletion breakpoints and the amount of DNA deleted are shown. The sequences of cDNA from the control
individual at the 5’ and 3’ deletion breakpoints are also shown.

Fig. 8.7 Sequencing of the deletion junction in patient AL
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immunoglobulins.
Amplification of cDNA from patient BaW gave some unexpected results.
Reactions A l, A2, A3 and A 8 gave products of the normal size. Reaction A4 produced
no amplification at all suggesting that the sequence that hybridises to the 5R primer was
rearranged. Reaction A 6 also showed no amplification suggesting that the 901 primer
was also disrupted.

Reactions A5, A7, A9 and AlO appeared to contain two

amplification products, one of approximately normal size and one slightly smaller. A
second set of PCR reactions were carried out in an attempt to identify the cause of these
multiple products. These were:
B l.

A3 BIO - BS5’

B8 .

A IF ^ 2R

B2.

A3 BIO - ASi5’

B9.

A IF -4. SH3NT

B3.

A3 BIO -*►X 6 F

BIO.

A IF

B4.

A3 BIO

B ll.

A IF -4. 847R

B5.

A3 BIO - 901

B12.

A IF -4. 7R

B6 .

A3 BIO ^ NTSH3

B13.

A IF

B7.

A3 BIO

B14.

A IF -4- lOR

849F

A IF

5R

A8 R

(Fig. 8.5 and appendix C). These were carried out on cDNA from patient BaW and
from a control individual. Only reaction B5 showed no amplification (Fig.
normal sized single band was seen in reactions B l, B8 and B9 (Fig.

8

8

.8 A). A

. 8 A and results not

shown), all other reactions appeared to contain two or more products as noted previously
(Fig.

8

. 8 A and results not shown).

distinct products (Fig.

8

Closer inspection revealed that there were four

. 8 A). It was postulated that the deletion present in this patients

D NA had disrupted a splice site, leading to the production of a number of different
mRNAs and so to a number of different cDNAs producing a number of different
amplification products.
cDNA from patient BaW and from a control individual were amplified using the
NTSH3 and 5R BIO primers. The control cDNA produced a single fragment of 0.4kb,
whereas amplification of the BaW cDNA resulted in four products of approximate sizes:
0.2kb, 0.3kb, 0.35kb, 0.4kb and a diffuse band at approximately 0.5kb. The products
were separated on an agarose gel. The DNA was extracted and reamplified using the
same primers.

Examination of the products indicated that the bands had not been

extracted cleanly from the gel, as four bands were again present (Fig. 8 . 8 B) although the
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Legend to Fig. 8.8[A]
cDNA from patient BaW and from a control individual, and a control reaction to which no DNA was added were amplified with the BTK primer pairs indicated.
The reaction numbers refer to series B (see text). The reaction products were electrophoresed through standard agarose gels along with Ikb ladder markers, and
stained with ethidium bromide. Where there is more than one PCR product, only the size of the normal product is indicated. Fragment sizes are in bp.

Fig. 8.8[A] PCR amplification of cDNA from patient BaW
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Fig. 8.8[B] PCR amplification of cDNA from patient BaW
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The four different PCR products (0.4kb, 0.35kb, 0.3kb and 0.2kb) produced from amplification of cDNA
from patient BaW with the BTK primer pair NTSH3 and 5R BIO, excised from agarose gels, were
reamplified with the same primers along with control cDNA and a no DNA control (not shown). These
were separated on standard agarose gels along with Ikb ladder markers, and stained with ethidium bromide.
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desired band was generally of greater intensity (Fig.

8

.8 B).

This DNA was used

for sequencing using the NTSH3 primer. i
Sequencing of the smallest PCR product (0.2kb; arrangement 1, Fig. 8.10)
identified a deletion within the cDNA of 188 nucleotides (Fig. 8.9) from position 720 to
908. Examination of the sequence showed that the nucleotides immediately before and
after the deleted bases corresponded to those that would be found surrounding an intron
in the genomic DNA (Kingsman and Kingsman, 1988).

The two bases before the

deletion were AG which corresponds to the residual bases in the cDNA from a splice
donor site and immediately after the deletion was the base G (Fig. 8.9) which
corresponds to the residual nucleotide 3’ of a splice site (Kingsman and Kingsman, 1988).
It was therefore postulated that a missplicing event had occurred which resulted in one
or more exon(s) being spliced out of the mRNA and the corresponding cDNA. This was
probably due to the deletion or disruption of the splicing sequences at one of the
intervening exons (arrangement 1, Fig. 8.10).
Sequencing of the larger products (0.3kb, 0.35kb and 0.4kb) was less successful.
The position at which the sequence diverged from the normal sequence could be
determined in each case but it was not possible to read the sequence 3’ of this. The
0.3kb (arrangement 2, Fig. 8.10) and 0.4 kb (arrangement 4, Fig. 8.10) species had
sequences identical to the normal control until nucleotide position 786 it then became
impossible to read the sequence (results not shown). The sequence surrounding position
786 is AG:G (appendix F) which suggests that this might be the position of an intron.
In addition the sequences surrounding this position resemble the sequences that are found
in the intron immediately 3’ of the splice site (Kingsman and Kingsman, 1988). This
perhaps suggests that splicing does not occur normally at this position but that the
sequence in this area allows this to be used in splicing when the normalsplice site is
disrupted as postulated here. The 0.35kb species (arrangement 3, Fig.8.10)diverged
from the normal sequence at position 720 (results not shown) the same position as in the
0.2kb product. The sequence beyond this cannot be determined, but it does not appear
to be the same as either the control or the 0.2kb product.

The inability to read the

sequence of the larger products could be due either:
■ to contamination with DNA from the other PCR products
■ to sequence heterogeneity of the PCR product.
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Fig 8 .9 Sequencing of the smallest PCR product from
patient BaW
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cDNA from patient BaW and a control individual, amplified using the NTSH3 and 5R BIO BTK primers,
was sequenced from the NTSH3 primer. The sequence across the deletion of patient BaW, the positions
of the 5’ and 3’ deletion breakpoints and the size of the deletion is shown. The sequences of the control
individual around the 5’ and 3’ deletion breakpoints are also shown.
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Fig. 8.10
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The putative splicing events that are taking place are shown diagrammatically in Fig.

8.10.
8 .2 .4 Complete sequencing of the BTK gene in patient 2 76 , an XLA
patient with a deletion of the DXS442 locus
Patient 276 was shown to have a deletion of the DXS442 locus (section 6.2.3) but
was found not to be deleted for the BTK gene locus (section 8.2.1). There were three
possible explanations for this:
■ there is a second gene responsible for X LA at the DXS442 locus
■ there is an enhancer or other control element for the BTK gene at the DXS442
locus
■ the deletion at the DXS442 locus is unrelated to this patients X LA . Since it
was already known that the BTK gene was not deleted in this patient, the causative
mutation in this case would most likely be a point mutation. The third of these points was
addressed first by complete sequencing of the BTK gene in this patient.
cDNA was prepared from a control EBV transformed B lymphoblastoid cell line
and from an EBV transformed B lymphoblastoid cell line from patient 276. It had been
possible to produce such a line as this patient had a Teaky’ form of X LA with a small
percentage of circulating B cells and 5.2 - 8.5mg/ml serum immunoglobulin (normal
range 10.5 - 14.5mg/ml). This was not the case for every patient from this pedigree,
phenotypes within this pedigree varied from very severe to the mild phenotype seen in
patient 276.

cDNA made from these cell lines was amplified in three overlapping

segments using the primer pairs ERB2 BIO

BS5’, A 3B I0

NTSH3 and 7R

Start

F BIO. These products were then sequenced using all of the available PCR primers as
sequencing primers. 7 deaza-guanosine was used in place of guanosine in some reactions
in order to resolve compressions.
Two positions were identified at which the sequence of the cDNA from patient
276 deviated from that of the control. The first of these was a single base change at
nucleotide position 2031 (Fig. 8.11 [A ]).

This was a T

C mutation in the third

position of the cysteine codon at amino acid position 633 which did not result in an amino

acid change. This was a single base polymorphism and has since been identified in a
number of other XLA patients and controls (Bradley et a l , in press; de Weers et a l , in
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Legend to Fig. 8 .11

[A] cDNA from patient 276 and a control individual were amplified using the BTK primer pair BS5’ and ERB 2 BIO and sequenced from the A l l F primer. The
point at which the sequence of cDNA from patient 276 deviates from that of the control individual is shown. Examination of the amino acid codons indicate that
this is a point polymorphism. [B] cDNA from patient 276 and a control individual were amplified using the BTK primer pair NTSH3 and A 3 BIO and sequenced
from either the NTSH3 or 847R primer. The nucleotide position at which the sequence of cDNA from patient 276 deviated from that of the control is shown.
Examination of the amino acid codons in this case indicate an Arg -* Trp substitution indicating that this is a point mutation.

Fig. 8.11 Sequencing of cDNA from patient 276
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The second change in the sequence was a single base change at nucleotide

position 994 (Fig. 8.11 [B]). This was a C -* T mutation in the first nucleotide of an
arginine codon causing an Arg

Trp mutation in the protein at amino acid position 288.

This is a conserved arginine in the SH2 domain of the protein (Arg aA2: Waksman et
a l , 1993; Songyang et al., 1993) and substitution of this charged hydrophilic residue
with the bulky uncharged hydrophobic tryptophan is likely to cause a serious disruption
to the SH2 domain of the protein (Waksman et al., 1993; Songyang et al., 1993). To
confirm the presence of this point mutation the opposite strand of the cDNA was also
sequenced at this position, the complementary G -> A mutation could be seen in the non
coding strand of the cDNA (Fig. 8.11 [B]).
As a point mutation had been found in the BTK gene that was segregating with the
disease in this family and most probably causative of the XLA phenotype, further analysis
of the DNA at the DXS442 locus was not undertaken.

8.3 Discussion
One method of analysing the function of a gene is to mutate the gene such that a
single amino acid change in the protein results and observe how this affects the function of
the protein product. Another method is to delete specific areas of the protein, usually
individual domains or exons and see how this disrupts the protein function. Nature has
already provided us with such a set of point mutations and deletions that disrupt the
function of the protein product of the BTK gene to varying degrees in XLA patients.
Study of the mutations in these patients will provide an insight into the functioning of the
Btk protein in vivo.
Southern blot analysis of 46 XLA patients revealed 37 patients in whom no
abnormal hybridisation pattern was observed. These patients w ill probably be found to
have single nucleotide changes within the BTK gene, or mutations within control regions.
Elucidation of the causative mutation in these patients w ill require analysis at the
sequence level. Two patients showed incomplete digestion patterns but also had altered
hybridisation patterns. It was impossible to tell from the data available whether these
were due to deletions or point mutations, further investigation of these patients will have
to await fresh DNA samples. Two more patients were identified in which a band shift
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was observed with one enzyme only. One of these mutations had already been identified
(patient C; Vetrie et al.y 1993b) and was suggested to be a point mutation, however,
subsequent analysis (Bradley et al.y in press) has shown it to be an insertion. The second
patient had not previously been reported.

Five patients were identified as having

deletions of the BTK gene. These had already been reported by Vetrie et al. (1993b;
patients D -H ). No new deletion patients were identified amongst the 46 analyzed. The
frequency of deletions based on these figures is 10.9% (5/46 patients).
The five deletion patients were analyzed further. Southern blot analysis of these
patients revealed more precisely the extent of the deletions in each of these patients. It
was possible to identify junction fragments in all of the deletion patients.

This is an

important observation as it allows carrier status determination and the possibility for
prenatal diagnosis in the families of these patients, as normal and mutated chromosomes
can be identified in carrier females (Lovering et

al.y

submitted).

Diagnosis based on

deletions within the BTK gene is 100% accurate as compared to diagnosis using closely
linked polymorphic markers, which has lower accuracy because of the possibility of
recombination between the marker being used and the position of the mutation within the
gene.
It is possible that this study may have also led to the identification of a candidate
gene for a form of X-linked deafness. One of the patients in this study has a deletion that
extends beyond the 3’ end of the gene and into an adjacent gene (I. Voreschovsky,
personal communication). This patient is also deaf, suggesting that this adjacent gene
may be involved in X-linked deafness. In this case, however, the deafness could also be
a result of complications of X LA , or treatment with ototoxic antibiotics. Confirmation
that this gene is involved in X-linked deafness w ill await further analysis. Another group
of patients in which deletions might be identified are those with combined X LA and
growth hormone deficiency (Fleischer et
1990).

al.y

1980; Conley et

al.y

1991; Sitz et

al.y

It is possible that this combination of defects w ill be due to deletions which

disrupt both the BTK gene and a gene involved in growth hormone production.

No

patients have, however, been identified with X-linked growth hormone deficiency alone,
and it has been suggested that growth hormone deficiency may be the result of infection
of X LA patients with neurotropic viruses. I f such an infection affected the pituitary it
possible that growth hormone production might be disrupted.

185

The hybridisation patterns of the control D NA allowed some preliminary
hypotheses about the genomic structure of the BTK gene to be put forward. Genomic
maps with both EcoRI and Pstl were constructed and compared with the restriction map
of the cDNA determined from the sequence. The gene must have a minimum of four
introns of which one must be in each of sections B and C of the cDNA and the remaining
two must be in section D . There may, of course, be many more than this. Comparison
of the sequence and proposed genomic organisation of the BTK gene with the sequences
of the recently identified homologue of the BTK gene in the xid mouse {btk; Rawlings
et al., 1993) and with the human c-src gene (Anderson et al., 1985; Tanaka et al., 1987)
for which the genomic structures have been determined did not disagree with either the
minimum numbers of introns or with their predicted positions. It did, however, suggest
that there are probably many more introns than predicted by this study.
Sequence analysis was carried out on two of the patients in whom abnormal
restriction digest hybridisation patterns had been observed. In one of these the sequence
across the deletion breakpoint was determined. The second showed an unexpected pattern
of cDNA amplification. It seemed that at least four different mRNAs were produced in
cells from this patient. The 5’ end of these transcripts were identical but the sequence
diverged in the region encoding the SH3 domain of the protein. This seemed to be due
to differential splicing of the RNA at around the point at which the mutation occurred.
It is likely that the deletion disrupted the intron/exon boundaries of the gene in this
patient.
This left the question of the patient deleted for the DXS442 locus but in whom no
mutations had been identified by Southern blot analysis of the BTK gene.

Complete

sequencing of the BTK cDNA in this patient identified a point mutation which leads to
the substitution of a conserved arginine residue for a tryptophan residue. The arginine
which is mutated is at a position which is conserved in the proteins Btk, c-Src, Yes, Tec
and Itk.

It is in an important structural position in the SH2 domain of the protein

(Overduin et al., 1992; Songyang et al., 1993; Waksman et al., 1993). This arginine
residue (Arg a-A 2) forms the mouth of the phosphotyrosine binding site in the SH2
domain (Waksman et al., 1993), and interacts with both the aromatic ring of the
phosphotyrosine and with a phosphate oxygen (Waksman et a l., 1993). The SH2 domain
is responsible for recognition of a phosphotyrosine in the substrate (Waksman et al.,
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1992; Songyang et al., 1993) and it is, therefore, likely that the substitution of the
arginine residue for a bulky tryptophan would probably obscure the binding pocket and
result in the mutant protein being unable to recognise its substrate.
Complete sequencing of the cDNA in this patient also led to the identification of
a point polymorphism within the BTK gene. The position of this is such that it neither
creates nor destroys a restriction site and it cannot therefore be used for RFLP analysis
of X LA families. No conventional RFLPs have yet been detected within the BTK gene.
This polymorphism can, however, be detected by SSCP analysis (Bradley et al. , in press)
and this may lead to it being useful in carrier status determination and prenatal diagnosis.
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Chapter 9

General Discussion

9.1 Degree to which the aims of the study were fulfilled
9.1.1 The CpG islands surrounding the DXS178 locus
9.1.2 Screening of XLA patients for interstitial deletions
9.1.3 Physical mapping around the X LA locus
9.2 The Btk protein
9.3 The function of the Btk protein
9.4 Elucidation of the function of Btk: directions for future investigation
9.4.1 A murine model for the function of Btk
9.4.2 Other methods to elucidate the function of the Btk protein
9.5 Prospects for the future treatment of XLA patients
9.5.1 Prevention of new cases of XLA
9.5.2 Management of XLA
9.5.3 Somatic gene therapy: a cure for XLA?

9.1 Degree to which the aims of the study were fulfilled
The three major aims of this study were:
■ the commencement of a chromosome walk towards the CpG islands surrounding
the DXS178 locus, and the isolation and screening of these region sof D N A for
transcribed gene sequences which could be candidates for the X LA gene.
■ the screening of DNA from X LA patients with markers closely linked to the
disease locus in order to detect deletions or other chromosomal abnormalities.
■ the continued physical mapping of the Xq22 region of the X-chromosome, the
incorporation of new polymorphic markers into this map, and the determination of the
physical size of the X LA candidate region.
To what degree were these aims fulfilled?
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9.1.1 The CpG islands surrounding the DXS178 locus
The isolation of end probes from the DXS178 positive cosmids previously
identified was not successful due to the presence of repetitive sequences flanking the
DXS178 locus. This led to the difficulty in commencing a chromosome walk from these
cosmids. In an attempt to overcome this, a second library was screened. This resulted
in the isolation of three further DXS178 positive cosmids and the extension of the cosmid
contig by approximately lOkb. The screening of the new cosmids for end probes was not
pursued, however, as improved Y AC technology and greater access to Y AC libraries
made the cloning of the region around the DXS178 locus, and the isolation and
characterisation of transcribed sequences in YACs more attractive.
DXS178 positive YACs were obtained and analyzed by Ms L. Bradley (this
laboratory; personal communication) and others (Vetrie et al., 1993b). A YAC contig
was constructed spanning the region from DXS366 to the copy of the D X S lO l sequence
identified by the GPS probe (L. Bradley, personal communication). One of the YACs
in this contig was, however, later found to be rearranged (L. Bradley, personal
communication).

It was most likely that this YAC had an internal deletion of more than

200kb (L. Bradley, personal communication). The screening of the DXS178 positive
YACs for sequences that are expressed in B cells had begun when the cloning of the gene
involved in X LA was announced (Vetrie et at., 1993b; Tsukada et al., 1993).
Mapping around the BTK and DXS178 loci revealed that the CpG islands
identified around the DXS178 locus (O ’Reilly et al., 1992) could not be associated with
the BTK gene, the DXS178 locus being 300kb distal to the BTK locus. Thus, even had
the isolation of these CpG islands been successful, they would not have led to the
isolation of the gene responsible for X LA .
As the BTK gene shows limited expression there is, no necessity for it to be
associated with a CpG island at all (see section 1.2.3).

There is, however, some

evidence to suggest that the BTK gene is associated with a 5’ CpG island. There are
both Sacll and Pvu\ restriction sites at the 5’ end of the gene. These both contain 2 CpG
dinucleotides in their recognition sequences.

In addition, analysis of the published 5 ’

untranslated region of the gene (Vetrie et al., 1993b; appendix F) showed that it
contained 67% C + G residues making it C + G rich in comparison to bulk D N A (40%
C + G; Bird et al., 1985). This region contains only three CpG pairs, however, so the
189

evidence for a CpG island is a little ambiguous. Sequence analysis of the region 5’ of
the transcribed sequence w ill be require to resolve whether this gene is associated with
a CpG island.
The CpG islands that surround the DXS178 locus are very likely to be associated
with other genes (see section 1.2.2). At the present time there is no indication which
genes.

9 .1 .2 Screening of XLA patients for interstitial deletions
46 unrelated X LA patients were screened cytogenetically, by Southern blot
analysis and using PFGE in conjunction with rare cutting restriction enzymes, for
interstitial deletions. Using the DXS178 and D X S lO l specific probes no chromosomal
abnormalities were detected. One deletion at the DXS442 locus was identified, but this
was later found to be unrelated to the X LA gene.
Several reasons were suggested for the inability to detect deletions in these
patients. These can now be reviewed in the light of subsequent findings.
One suggestion was that the gene was required for development. In this case
deletions would be fatal in utero and so would not be present in the population. This is
not the case as patients with small deletions of the X LA gene have now been identified.
It was expected that, if the gene were not required for development then, about 10% of
patients, or 2 to 5 patients, would be identified from the 46 patients studied who had
deletions of the X LA gene. Deletions were observed in five patients.
Another hypothesis was that other genes nearby are required for development.
This remains a possibility. A ll the deletions that have so far been identified involving
the BTK gene have been relatively small. Only one deletion has been identified which
extends beyond the coding region of the gene, this is still relatively small and extends
into a gene that lies 3’ of the BTK gene and no further.

This second gene may be

involved in X-linked deafness (see section 8.2.2.3). The only multisyndromic disorder
that has been identified is XLA with isolated growth hormone deficiency. There is no
evidence that this is caused by deletions. It may also be significant that X LA and Fabry
disease (a galactosidase deficiency; Bernstein et al., 1989) have never been identified
together despite the fact that the genes for these two disorders lie within 70kb of each
other.
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The final suggestion was that the marker loci used for screening lie too far from
the X LA gene to identify all but very large deletions.

This is probably true for the

D X S lO l and DXS442 loci. The problem with the use of both these markers and the
DXS178 specific probe, however, is more likely to be due to the number of CpG islands
between the disease locus and the marker loci.

The identification of deletions is

facilitated if the disease gene and marker loci lie on the same, or on adjoining restriction
fragments. There are several sites for most of the restriction enzymes used in this study
between the BTK gene and the marker loci. These would all have to be deleted if a
rearrangement at the BTK locus were to be identified. As most of these restriction sites
lie in CpG islands this would probably also mean deleting other genes.

The only

enzymes that produce fragments in common between the BTK locus and the marker loci
are Mlul and Nru\, neither of which are good choices for the identification of deletions
(Bickmore and Bird, 1992).
The GLA gene specific probe would have been the most likely marker to have
identified deletions of the BTK gene, as the GLA and BTK loci have several restriction
fragments in common. The proximity of this gene to the X LA locus was not appreciated
at the time of screening the patients for deletions.
Despite the failure to identify any chromosomal abnormalities related to the XLA
gene, three patients were identified who had altered restriction fragments in PFGE
analysis with closely linked markers. Two of these showed a new polymorphism at the
D X S lO l locus. This proved useful in providing carrier status determination in one of the
families, and is the first incidence of an RFLP whose alleles are separated by PFGE.
The usefulness of the polymorphism in this family stemmed from its relatively low
heterozygosity as this allowed the determination of phase in the mother, and identification
of the chromosome that had been passed to the daughter.
Microsatellite polymorphisms with multiple alleles have now been identified (de
Weers et al.,

1992) and may lim it the future usefulness of the D X S lO l Eagl

polymorphism. | The microsatellite polymorphisms are highly polymorphic and the
multiple allele system means that even had both the women presented in chapter 4 been
heterozygous, it would probably still have been possible to identify the maternal X chromosome in the daughter.
The final alteration that was detected was a deletion of the DXS442 locus in
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patient 276 which cosegregated with the disease phenotype in this large family. Southern
blot analysis showed that this deletion did not extend into the X LA coding region.
Complete sequencing of the BTK gene in this patient showed that a point mutation in
BTK was probably causative of the XLA phenotype in this patient. The deletion at the
DXS442 locus thus appeared unrelated to X LA .
Patient 276 and other members of his family with X LA show no defect other than
XLA .

It is, therefore, likely that there is no coding sequence at the DXS442 locus.

There is a well defined CpG island proximal to the DXS442 locus, but this could be up
to 220kb from the DXS442 sequence and it is possible that the deletion of the DXS442
locus would not disturb any gene associated with this island.

9 .1 .3 Physical mapping around the XLA locus
Physical mapping was completed around three recently identified polymorphic
D N A markers and two additional existing markers were also placed on the map of the
X LA critical region.
Physical mapping of the DXS178 positive cosmids allowed the placement of the
DXS265 locus to within 5kb of the DXS178 locus. This meant that the DXS265 marker
would not be useful in extending the physical map of the X LA locus.

Because of its

close proximity to the DXS178 locus, it would be subject to all the same limitations
regarding its use in physical mapping studies as the DXS178 locus (O ’Reilly et al.,
1992).

Despite being in linkage disequilibrium with the DXS178 locus, the DXS265

locus has been useful for carrier status determination and prenatal diagnosis of XLA
(Lovering et al., 1993b).
Isolation of single copy fragments representative of two of the copies of the
D X S lO l sequences allowed the physical mapping of those sequences in Xq22. One of
these was linked to the DXS178 locus and allowed extension of the physical map distal
to the DXS178 locus. The polymorphic copy of the D X S lO l locus was identified as the
distal flanking marker, it was not possible, however, to demonstrate that the copy of the
D X S lO l locus that had been mapped physically was the copy associated with the Mspl
polymorphism.
The DXS366 and DXS442 loci were placed within 280kb of each other and a
physical map of around 1.2Mb was produced around these two loci,
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'phe DXS442 locus

was identified as the proximal flanking marker of the X LA locus (Lovering et a l., 1993a;
Parolini et al.y 1993). The GLA gene locus was confirmed as lying within 200kb of the
DXS178 locus and within 70kb of the BTK locus (Vetrie et al.y 1993b).
It was not possible to produce a complete physical map of the X LA region,
probably due to the relatively large number of CpG islands in this region.

Even the

incorporation of the GLA and BTK gene loci into the map did not result in its completion
(Fig. 9.1).

A gap still exists between the BTK and DXS442 loci (Fig. 9.1).

possible that the Pvul site distal to the DXS442 locus and the

P

vm I

It is

site proximal to the

BTK locus (Fig. 9.1) are coincident, but this could not be demonstrated.
An attempt was made to close the gap in the physical map using YACs (L.
Bradley, personal communication), but due to the deletion in one of these YACs in a
critical position this was not possible. A complete YAC contig of the region between
DXS366 and D X S lO l has recently been reported in an abstract (Vetrie et a l . y 1993c) but
no details of this have as yet been published. It w ill be interesting to find what estimate
of the size of this region is given in this report, as this w ill give an indication of how
large the gap in Fig. 9.1 is.
A total of ten CpG islands have been identified in the region of the X LA locus
(Fig. 9.1). These have contributed to the inability to link physically the proximal and
distal flanking markers of the X LA locus.

It has been suggested that CpG islands

identified by PFGE in conjunction with rare cutting restriction enzymes may represent
gene clusters rather than distinct genes (Gardiner et

al.y

1990). This is likely to be true

of the CpG island proximal to the DXS442 locus as it contains an unusually large number
of rare cutting restriction sites.

The presence of these CpG islands indicate that this is

likely to be a gene rich region (Lindsay and Bird, 1987). These islands may be important
in the cloning of any disease related genes that are found in the future to map to the
Xq22 region of the X-chromosome.
The use of rare cutting restriction enzymes has identified Pvi/I, Nrul and Mlul as
most useful for physical linkage. Eagl y B5 5 H II and Sacll were found to be most useful
for the identification of CpG islands.

Both of these findings are in agreement with

Bickmore and Bird (1992).
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9 .2 The Btk protein
The recent cloning of the X LA gene, BTK, has identified it as coding for a non
receptor protein tyrosine kinase, which shows homology to the Src family of protein
tyrosine kinases (Vetrie et al., 1993b; Tsukada et al., 1993).

The Src family also

contains other members that are thought to be important in signal transduction in
haemopoetic cells such as Fyn and Lck (reviewed in Cambier, 1992). The Btk protein
appears to consist of four functional domains: a long N terminal domain, an SH3 domain,
an SH2 domain and a catalytic tyrosine kinase domain (Fig. 9.2; Vetrie et al., 1993b).
The function of the N terminal domain is unknown, but it shows homology to the recently
identified PH domain (Musacchio et a l., 1993) and has been proposed to be involved in
protein-protein interactions.

The SH3 and SH2 domains are probably involved in

intermolecular recognition 2 uid the regulation of kinase activity (Pawson and Gish, 1992;
Waksman et al., 1992; Songyang et al., 1993). The kinase domain contains the ATP
binding site, the substrate tyrosine binding site and the catalytic residues of the protein
and is responsible for the phosphorylation of protein substrates on tyrosine residues. The
protein does not appear to contain a transmembrane region and so is probably localised
in the cytoplasm. The protein is expressed in B and myeloid lineage cells throughout
development, but is not expressed in T lineage cells (Vetrie et al., 1993b; Tsukada et al.,
1993).
The Btk protein shows several unique features which distinguish it from most
other members of the Src family.

The protein has a long N terminal region, no N

terminal myristoylation sequence and is lacking the C terminal regulatory tyrosine
residue. These distinctions are also shown by the recently identified Itk (Siciliano et al. ,
1992) and the TecA (Mano et al., 1993) proteins.

The Itk, TecA and Btk N terminal

regions share homology with each other (Tsukada et al., 1993). The similarities between
these proteins and their differences from other member of the Src family have led to the
suggestion that they may be part of a new sub-family of Src related protein tyrosine
kinases (Tsukada et al., 1993).
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9 .3 The function of the Btk protein
The precise function of the Btk protein is currently unknown, but speculations can
be made on its possible function from the knowledge of the function of other tyrosine
kinases and from the defect that is manifest in X L A patients.
Tyrosine phosphorylation is important in intracellular signal transduction, so it is
reasonable to expect that the role of the Btk protein will be in signal transduction.
Unfortunately, the roles of the other members of the proposed new subfamily of tyrosine
kinases {Itk and TecA) are also unknown, so these cannot be used to suggest a function
for Btk.
Csk (Nada et al., 1991), another Src related tyrosine kinase that is located in the
cytosolic fraction, has been shown to phosphorylate the regulatory tyrosine of other Srcfamily proteins, thus down regulating them (Okada et al., 1991). I f the X L A phenotype
was a result of exaggerated cell death, then this sort of function could be envisaged for
Btk. Other cytoplasmic tyrosine kinases are associated with the immunoglobulin receptor
complex. These include Blk, Lyn and Fyn (Dymecki et al., 1990; Cambier, 1992). It
is possible that the Btk protein may also be associated with the immunoglobulin receptor,
or other receptor on the B cell surface. The X LA phenotype may then result from the
failure to transduce a differentiation signal. The block in B cell differentiation in X LA
is at the pre B cell stage.

Pre B cells have surface receptors constructed from the

surrogate light chains that are expressed in B lineage cells prior to the rearrangement of
kappa and lambda light chains, and pseudo heavy chains (Lassoued et al., 1992). It may
be that these receptors are associated with the Btk protein and function to transduce a
signal for pre B cell expansion and differentiation.
The identification of deletions and point mutations that disrupt the tyrosine kinase
domain (Vetrie et al., 1993b) suggest that X LA arises as a loss of function of the Btk
protein rather than a constitutive activation (c.f. v-Src). The pattern of expression of the
Btk protein, throughout the B cell lineage, suggest that the Btk protein might have other
roles in B cell signalling in addition to its critical role in B cell maturation.

9 .4 Elucidation of the function of Btk
The precise function of the Btk protein is unknown and although comparison with
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other tyrosine kinases can give clues as to its possible role, the true function of the Btk
protein must be determined experimentally. How can the function of the Btk gene be
elucidated?

9.4.1 A murine model for the function of Btk
One method of elucidating the function of a protein is to create a mouse that lacks
the protein and analyze the defects in this animal model.

A mouse model for XLA

already exists in the form of the CBA/N mouse strain carrying the xid mutation (Beming
et aL, 1980) which has a point mutation in the murine equivalent of the BTK gene, btk
(Rawlings et al., 1993; Thomas et al., 1993). There are drawbacks with the use of this
mouse to elucidate the function of the Btk protein, however, as there are some important
differences between the X LA and xid phenotypes. This could be due to the fact that the
point mutation in the xid mouse causes a less severe disruption to the Btk protein than the
mutations seen in X LA , and the protein is still partially active.

I f this were the case,

human patients with an "xzV/-like" phenotype might be identified who also have less
severe disruption to the Btk protein and a partially active gene product. This would be
analogous to the differences between patients with Duchenne muscular dystrophy (D M D )
and those with Becker muscular dystrophy (BM D).

BMD patients have a much less

severe phenotype as a result of having a partially active dystrophin protein.

There has

recently been evidence to suggest that the differences between xid and X LA might not be
explained this simply, de Weers et al. (in press) have identified a patient with a classical
X L A phenotype whose sole mutation in the BTK gene is in the same codon as is altered
in the xid mouse strain. The protein mutation in this patient is Arggg -» His (De Weers
et al., in press) whereas in xid mice the corresponding mutation is Arg2 g

Cys

(Rawlings et al., 1993; Thomas et al., 1993). It cannot be ruled out that the Argjg
Cys mutation is less disruptive than the Arg 2 g -* His mutation but this seems unlikely.
More likely is the possibility that mice possess an alternative signalling pathway that
partially rescues the phenotype caused by the defective Btk protein.
The production of a "knockout" mouse will resolve this issue. I f such an animal
has an "%W-like" phenotype this will confirm the presence of a compensatory signalling
pathway in mice.

Whatever the outcome, caution should be exercised in the

interpretation of experiments czuried out in mice, and particularly the extrapolation of the
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results of such experiments to humans as the cellular environments in which the Btk
protein acts in the two species may have some important differences.

9 .4 .2 Other methods to elucidate the function of the Btk protein
Other insights into the function of the Btk protein will come from the study of the
protein in vitro. The sort of experiments that can be carried out include:
■ the analysis of mutations in X LA patients. The severity of the X LA phenotype
can be correlated with the position of the mutation and give an insight into which regions
of the protein are critical for its function.
■ mutation of the protein in B cell precursors. Mutated versions of the protein
could be introduced into B cell precursors and their effects on cell differentiation
observed. This sort of experiment may be impeded, however, by the lack of a reliable
human in vitro B cell differentiation system.
■ knock-out of Btk expression in cell lines. Cell lines can be engineered in with
the gene has been deleted. Study of these may give clues to the function of the protein.
■ over-expression.

Cell lines could also be created that over-express the Btk

protein. The study of these may also provide insights into how the protein functions.
■ co-precipitation of accessory molecules. The protein could be precipitated using
monoclonal antibodies under conditions such that it remains associated with proteins with
which it interacts.

This may provide information about the molecules that Btk

phosphorylates and those that regulate its activity.
■ kinase assays, j These can be used to identify proteins that are newly
phosphorylated under particular conditions.

Comparison of proteins that are

phosphorylated by particular stimuli in, for example, cells that have active Btk and cells
where Btk is inactive (e.g. from XLA patients), could provide information about the
normal substrate of the Btk protein.
Any of these experiments could provide clues to the function of the protein, and
results from a number of experiments taken together could lead to the formation of a
hypothesis for the function of the Btk protein within the cell.
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9 .5 Prospects for the future treatment of XLA patients
There are three aspects to consider in discussion of the future clinical prospects
for families affected with X LA , these are:
■ the prevention of new cases of XLA
■ improvements to disease management
■ possible cures for X LA .

9.5.1 Prevention of new cases of XLA
There are already better prospects for the prevention of X LA .

Prevention is

achieved through improved carrier status determination and prenatal diagnosis of the
condition, giving carrier women the option to choose not to have a child affected with
XLA .

Carrier status determination has previously relied on the use of closely linked

polymorphic DNA markers (e.g. Lovering et al., 1993a; Parolini et al., 1993).

The

major drawbacks in this method were the possibility of recombination between the
polymorphic marker used to give diagnosis and the disease locus, and the need to find
closely linked polymorphisms for which possible carrier women were informative. The
latter of these has been overcome to some extent by the identification of microsatellite
polymorphisms lying close to the disease locus (e.g. de Weers et al., 1992) which are
much more informative than conventional RFLPs.

These still carry the risk of

recombination with the disease locus and so carrier status diagnosis could not be given
with 100% certainty. The identification of the disease gene should lead to the ability to
determine carrier status with absolute certainty as mutation in the disease gene itself can
be used for diagnosis and the possibility of recombination will be eliminated.

No

conventional RFLPs have yet been identified in the BTK gene, so diagnosis currently
relies on the identification of the XLA mutation. It is already possible to give carrier
status determinations to members of families where a deletion has been found in X LA
affected individuals which affects the size of a restriction fragment. The identification
of a deletion junction fragment in a female relative identifies her, absolutely, as a carrier
of the disease gene. This sort of diagnosis is also possible in the families of patients who
have a point mutation that removes or creates a restriction enzyme site (Vetrie et al.,
1993b).
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In families where there is no disruption of a restriction site other methods will be
required to identify mutations. These include: single strand conformation polymorphism
(SSCP) and denaturing gradient gel electrophoresis (DGGE) in conjunction with sequence
analysis. These techniques can already be carried out on cDNA obtained from patients
(L. Bradley, personal communication) but the identification of the genomic structure of
the gene may be required before these techniques can be offered for clinical use.
Accurate carrier status determination and prenatal diagnosis of the foetuses of
carrier women can lead to the prevention of the 60-70% of X L A cases that occur in
affected families, but they will have no impact on the 30-40% of cases that arise as a
result of new mutations. The disease cannot therefore be totally prevented and better
disease management and possible cures must also be investigated.

9 .5 .2 Management of XLA
Once diagnosed, the usual treatment for XLA is a lifetime of regular intravenous
immunoglobulin infusions to prevent infection, and aggressive antibiotic therapy should
infection occur. With such treatment the lifespan of affected individuals is near normal.
It is difficult to see how identification of the gene responsible for X LA might lead to
better treatment of the disease.
children being treated from

Improved prenatal diagnosis could lead to affected
birth with intravenous immunoglobulin. This should

improve their immunity and lead to them having no (or limited) episodes of severe
infection in early life.

Gene product therapy is not likely to be successful due to the

continuous need to introduce the gene product into a very specific subset of cells in the
bone marrow. A better understanding of the function of the normal Btk gene might lead
to improvements in management of the disease, but at this time it is impossible to
speculate what these improvements might be.

9 .5 .3 Somatic gene therapy: a cure for XLA?
Whilst most X LA patients thrive well on the present therapy, it is not a cure, and
patients may succumb to infections such as bacterial meningitis or pneumonia.

The

identification of the gene responsible for XLA has raised the possibility of a cure, in the
form of somatic gene therapy. Before such therapy can be considered, however, a great
deal more must be known about the function of the Btk protein.
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It seems likely that the reconstitution of Btk activity, even at low levels, in B cells
at the correct stage of development will confer a growth advantage on these cells. It is
unknown whether such cells would go on to produce functional immunoglobulin, and if
they do, whether the introduction of the gene into only a small proportion of the of B cell
precursors will be enough to reconstitute the immunoglobulin diversity seen in normal
individuals.
Another important consideration is the possible oncogenicity of the Btk protein.
Inappropriate expression, over-expression or inappropriate activation of the c-Src protein
can all lead to oncogenicity, will this also be the case with Btkl It will be very important
to ascertain the effects of over-expression of the Btk gene and the consequences of
inappropriate activation before any type of somatic gene therapy can be considered. This
will probably require experiments in an animal model of the disease. It has already been
suggested that the mouse may not be appropriate, another animal model may therefore
have to be developed in order to carry out such experiments.
Consideration must be given to whether somatic gene therapy will provide a
significant improvement in the life-expectancy or the quality of life of affected
individuals. In the somatic gene therapy trials that have already taken place elsewhere
in ADA-SCID patients, permanent reconstitution of gene function has not been obtained
since it is the peripheral T cells that are infected. Patients need to have engineered cells
reintroduced at regular intervals (Kantoff et al., 1985; Matsumoto et al., 1992). I f this
is the case for a gene therapy regime for X LA , would this be a significant improvement
over a therapy that already requires regular infusions and has a reasonably high level of
success? I f permanent reconstitution of gene activity could be obtained then somatic gene
therapy would be worthwhile as the patient would be freed from the need for regular
infusions.

A recent trial involving the réintroduction of the ADA gene into CD34

positive stem cells of an ADA-SCID patient (this laboratory andj the Hospital for Sick
Children, London) has shown limited success in this respect. The ADA gene was shown
to be integrated into the D N A of the bone marrow cells, but expression of this gene could
not be demonstrated.
It is possible, indeed probable, that somatic gene therapy will eventually provide
a cure for X LA , but much more must be known about the function of the Btk protein and
improvements in somatic gene therapy techniques must be made before this can occur.
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It is possible to clone a disease related gene from its map position with no
knowledge of the function of the product of that gene. It is not reasonable to suggest,
however, that the cloning of a disease related gene can lead directly to a cure for that
disease by somatic gene therapy without any knowledge of the function of the protein
product.
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Appendix A
List of Abbreviations
ADA
AGM X-1
AGPC
PsMGIAmg
APS
Arg
ATP
bp
BSA
B T K /M
(C A).
CD40L
cDNA
cen
CF
CHEF
Ci
cM
cpm
CTP
Cys
dATP
dCTP
DEPC
dGTP
D M D /D W
dNTPs
dpm
DTT
dTTP
DMSO
DNA
DW
EBV
EDTA
et a l
FCS
FIGE
g
g
G

G6miG6pd

adenosine deaminase
X-linked agammaglobulinemia
acid guanidinium thiocyanate-phenol-chloroform
amelogenin
ammonium persulphate
arginine
adenosine triphosphate
base pairs (of DNA)
bovine serum albumin
Bruton’s tyrosine kinase
CA dinucleotide repeat
CD40 ligand
complimentary DNA
centromere
cystic fibrosis
contour-clamped homogeneous electric field
Curie(s)
centiMorgan
counts per minute
cytidine triphosphate
cysteine
deoxyadenosine triphosphate
deoxycytidine triphosphate
diethyl pyrocarbonate
deoxyguanosine triphosphate
Duchenne muscular dystrophy
deoxynucleotide triphosphates
disintegrations per minute
dithiothreitol
deoxythymidine triphosphate
dimethylsulphoxide
deoxyribose nucleic acid
sterilised distilled water
Epstein Barr virus
ethylenediaminetetraacetic acid (disodium salt)
et alia - and the others
foetal calf serum
field inversion gel electrophoresis
gram(s)
gravity
Giemsa
glycerol-6 -phosphate dehydrogenase
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GLA
OTP
h
HAT
HD
H IG M X-1
His
H m T IH p rt
HTF
lA A
ICRF
IgA
IgG
IgM
IL-2
IL - 2 R 7
IPTG
kb
kV
1

LB
lOgio
LOD
LTK
M
Mb
Mdx
Met
MHC
min
mg
ml
mm
mM
M -M L V
MRC
mRNA
NADPH
ng
nm
N IM R
O A TL l
OD
OLE
OTCIOtc
PBS "A"
PCR
Vm kM Pdhal

a galactosidase A
guanosine triphosphate
hour(s)
hypoxanthine, aminopterin, thymidine
Huntingdon’s disease
X-linked hyper IgM syndrome
histidine
hypoxanthine guanine phosphoribosyl transferase
H pall tiny fragments
isoamyl alcohol
Imperial Cancer Research Fund
immunoglobulin A
immunoglobulin G
immunoglobulin M
interleukin- 2
interleukin- 2 receptor 7 chain
isopropylthiogalactoside
kilobase pairs (of DNA)
kilovolt(s)
litre(s)
Luria-Bertani medium
logarithm (base 1 0 )
logarithm of the odds of linkage
leukocyte tyrosine kinase
molar
megabase pairs (of DNA)
X-linked muscular dystrophy (mouse)
methionine
major histocompatibility complex
minute(s)
milligram(s)
millilitre(s)
millimetre(s)
millimolar
Moloney-Murine leukemia virus
Medical Research Council
messenger RNA
nicotinamide adenine dinucleotide phosphate
nanogram(s)
nanometre(s)
National Institute for Medical Research
ornithine aminotransferase-like 1
opitcal density
oligonucleotide labelling buffer
ornithine transcarbamylase
phosphate buffered saline "A"
polymerase chain reaction
pyruvate dehydrogenase E l alpha
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pERT
PFGE
PG K -V Pgk-1
PH
PHA
PLP/Plp
pmoles
PMSF
PNP
RFLP
RNA
rpm
rRNA
s
SCID
SCIDX-1
SDS
Ser
SH
SSC
SYN l/Synl
TAE
TAFE
TBE
TE
tel
TEM ED
TER
T F M /7 j^
Thr
TIM P
TRAP
tRNA
Tip
U
UTP
UV
V
V/cm
v/v
W
WAS
w/v
X-CGD
X-gal
xid
XHM
XlSTIXist

phenol enhanced reassociation technique
pulsed field gel electrophoresis
phosphoglycerate kinase 1
pleckstrin homology
phytohaemaglutinin
proteolipid protein
picomoles
phenyl methyl sulphonyl fluoride
purine nucleotide phosphorylase
restriction fragment length polymorphism
ribose nucleic acid
revolutions per minute
ribosomal RNA
second(s)
severe combined immunodeficiency
X-linked severe combined immunodeficiency
sodium dodecyl sulphate
serine
Src homology
saline sodium citrate
synapsin 1
Tris/acetate/EDT A
transverse alternating electric field
Tris/borate/EDTA
Tris/EDTA
telomere
N , N , N ’ ,N ’ -tetramethylethy lenediamine
Tris/EDTA/RNAse A
testicular-feminised male
threonine
tissue inhibitor of metalloprotease
TNF-related activation protein
transfer RNA
tryptophan
unit(s)
uridine triphosphate
ultraviolet
Volts
Volts per centimetre
volume per volume
Watt(s)
Wiskott-Aldrich syndrome
weight per volume
X-linked chronic granulomatous disease
5-bromo-4-chloro-3-indolyl-i5-D-galactoside
X-linked immunodeficiency
X-linked hyper IgM syndrome
X (inactive) specific transcript
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X LA
XLP
X-PD
X-SCID
YAC
YEPD
Z
ZYXIZpc
fi-ME
/^g
%

e

X-linked agammaglobulinemia
X-linked lymphoproliferative syndrome
X-linked properdin deficiency
X-linked severe combined immunodeficiency
yeast artificial chromosome
yeast extract/peptone/D-glucose medium
LOD score
X-linked zinc finger protein
B-mercaptoethanol
microgram(s)
microlitre(s)
percent
recombination fraction
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Appendix B
Primer sequences and amplification conditions for the
B550 and GLx6 PCR product probes

B550
Forward primer:

TGAAGACCATGATGGACTAAGC

Reverse primer:

CAGTGCATATGGGATACTCTGTAC

Reaction conditions for the amplification of human genomic DNA:
94°C

3 min

94°C
60°C

30s

72°C

1

IT C

10

X 30

mm
min

This gives a product of approximately 550bp.

GLx6
Forward primer:

GGATGCTGTGGAAAGTGG

Reverse primer:

GGCCCAAGACAAAGTTGGTA

Reaction conditions for the amplification of human genomic DNA:
94°C

3 min

94°C
62°C

30s

X 30

72 °C
72 °C

10

mm

This gives a product of 357bp
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Appendix C

PCR primers for the BTK gene
Name

Nucleotide
Position

Sequence

Forward
primers

Start F BIO
AIF BIO
NTSH3
901
849F
X6F
ASiS’
BS5’
AllF

76-96
319-339
619-639
788-809
964-987
1126-1148
1294-1314
1588-1605
1829-1851

AGCTACCTGCATTAAGTCAGG
TGTGTTGAAACAGTGGTTCCT
ATGGGCTGCCAAATTTTGGAG
TTGTGGCCCTTTATGATTACAT
ATGTATGAGTGGTATTCCAAACAC
CGTCATTATGTTGTGTGTTCCAC
GCAGGCCTGGGATACGGATCA
CTGAGGGAGATGCGCCAC
CGGAAGTCCTGATGTTATGCAAG

Reverse
primers

ERB2 BIO
END R BIO
E3R BIO
B3
HR
A3 BIO
lOR
A8R BIO
7R
847R
5R BIO
902
SH3NT
2R
XIR

2225-2203
2167-2147
2132-2113

TATTGAGTGGGAGCACAAAGGCT
GTGAAATTGGGGCTTGTGGAG
CAAGAAGCTTATTGGCGAGC
ATTGGCGAGCTCAGGATTCTTC
TGTCAGATTTGCTGCTGAAC
GGAAATTTGGAGCCTACTGAG
GGTGAAGGAACTGCTTTGAC
TCATCTTCAGACATGGAGCC
AGGTCCTTTGGATCAATTTCC
GAGACACTGGATATTTGAGCCTGG
CTTTAGCAGTTGCTCAGCCT
TTCTATGGAGTCTTCTGCTTC
CCTTTTTCAGCTCACTTGTGG
CAGGTTTTAAGCTTCCATTC
CTCTTCTCGGAATCTGTCTTTC

2122-2101

1870-1850
1811-1791
1690-1671
1454-1435
1337-1317
1267-1244
1020-1001

963-943
767-787
664-645
379-358

Those primers marked BIO were biotinylated for use in solid phase sequencing reactions

242

Appendix D

DNA probes used in this study

Locus

Probe

Insert

Reference

DXS54

St3

2.1 kb EcoRI fragment in pBR329

Oberle et al., 1986

DXS94

pXG12

l.Skb BamUl/EcoKi fragment in
pAT153

Davatelis et al., 1987

DXSlOl

CX52.5

4kb £coRI fragment in pAT153

Hofkers et al., 1987

B550

550bp PCR product (see appendix C)

this study

GPS

1.2kb PstllSaB fragment in pBluescript

this study

B1.5

l.Skb BamUl fragment in pBluescript

this study

p212XT

Ikb TaqMXbal fragment in pSP72

Lovering et al., 1993a

p212/9

lOkb £coRI fragment in pUC9

Arveiler et al., 1987

DXS265

pKZ033H46

1.6kb HindlU fragment in pUC8

Dietz-Band et al., 1990

DXS366

pRX329H2

3.7kb HindlU fragment in pUC8

Barker et al., 1991

DXS442

pRX276E3

2.7kb £coRI fragment in pUC8

Barker et al., 1991

BTK

14.6

2.6kb £mRl fragment in pBluescript

D. Vetrie, Guys hospital

GLA

Glx6

357bp PCR product (see appendix C)

Bernstein et al., 1989;
J. Davies, personal
communication

PLP

pRL-1

2kb £coRI fragment in pUC9

H. Willard, Stanford

DXS178

Additional references for these probes can be found in Davies et al. (1991) and Williamson et al. (1991)
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Appendix F
Sequence of the BTK cDNA

CGT ATG TCT CCA GGG CCA GTG TCT GCT GCG
ATC GAG TCC CAC CTT CCA AGT CCT GGC ATC

60

TCA ATG CAT CTG GGA AGC TAC CTG CAT TAA
GTC AGG ACT GAG CAC ACA GGT GAA CTC CAG

120

AAA GAA GAA GCT ATG GCC GCA GTG ATT CTG
Met Ala Ala Val He
Leu
GAG AGG ATC TTT CTG AAG CGA TCC CAA CAG
Glu Ser He
Phe Leu Lys Arg Ser Gin Gin

180

AAA AAG AAA ACA TCA CCT CTA AAC TTC AAG
Lys Lys Lys Thr Ser Pro Leu Asn Phe Lys
AAG CGC CTG TTT CTC TTG ACC GTG CAC AAA
Lys Arg Leu Phe Leu Leu Thr Val His Lys

240

CTC TCC TAG TAT GAG TAT GAC TTT GAA CGT
Leu Ser Tyr Tyr Glu Tyr Asp Phe Glu Arg
GGG AGA AGA GGC AGT AAG AAG GGT TCA ATA
Gly Arg Arg Gly Ser Lys Lys Gly Ser He

300

GAT GTT GAG AAG ATC ACT TGT GTT GAA ACA
Asp Val Glu Lys He
Thr Cys Val Glu Thr
GTG GTT CCT GAA AAA AAT CCT CCT CCA GAA
Val Val Pro Glu Lys Asn Pro Pro Pro Glu

360

AGA CAG ATT CCG AGA AGA GGT GAA GAG TCC
Arg Gin He
Pro Arg Arg Gly Glu Glu Ser
AGT GAA ATG GAG CAA ATT TCA ATC ATT GAA
Ser Glu Met Glu Gin He
Ser He
He
Glu

420

AGG TTC CCT TAT CCC TTC CAG GTT GTA TAT
Arg Phe Pro Tyr Pro Phe Gin Val Val Tyr
GAT GAA GGG CCT CTC TAC GTC TTC TCC CCA
Asp Glu Gly Pro Leu Tyr Val Phe Ser Pro
ACT GAA GAA CTA AGG AAG CGG TGG ATT CAC
Thr Glu Glu Leu Arg Lys Arg Trp He
His

245

480

CAG CTC AAA AAC GTA ATC CGG TAC AAC AGT
Gin Leu Lys Asn Val He
Arg Tyr Asn Ser

540

GAT CTG GTT CAG AAA TAT CAC CCT TGC TTC
Asp Leu Val Gin Lys Tyr His Pro Cys Phe
TGG ATC GAT GGG CAG TAT CTC TGC TGC TCT
Asp Gly Gin Tyr Leu Cys Cys Ser
Trp He

600

CAG ACA GCC AAA AAT GCT ATG GGC TGC CAA
Gin Thr Ala Lys Asn Ala Met Gly Cys Gin
ATT TTG GAG AAC AGG AAT GGA AGC TTA AAA
He
Leu Glu Asn Arg Asn Gly Ser Leu Lys

660

CCT GGG AGT TCT CAC CGG AAG ACA AAA AAG
Pro Gly Ser Ser His Arg Lys Thr Lys Lys
CCT CTT CCC CCA ACG CCT GAG GAG GAC CAG
Pro Leu Pro Pro Thr Pro Glu Glu Asp Gin

720

ATC TTG AAA AAG CCA CTA CCG CCT GAG CCA
He
Leu Lys Lys Pro Leu Pro Pro Glu Pro
GCA GCA GCA CCA GTC TCC ACA AGT GAG CTG
Ala Ala Ala Pro Val Ser Thr Ser Glu Leu

780

AAA AAG GTT GTG GCC CTT TAT GAT TAC ATG
Lys Lys Val Val Ala Leu Tyr Asp Tyr Met
CCA ATG AAT GCA AAT GAT CTA CAG CTG CGG
Pro Met Asn Ala Asn Asp Leu Gin Leu Arg

840

AAG GGT GAT GAA TAT TTT ATC TTG GAG GAA
Lys Gly Asp Glu Tyr Phe He
Leu Glu Glu
AGC AAC TTA CCA TGG TGG AGA GCA CGA GAT
Ser Asn Leu Pro Trp Trp Arg Ala Arg Asp

900

AAA AAT GGG CAG GAA GGC TAC ATT CCT AGT
Pro Ser
Lys Asn Gly Gin Glu Gly Tyr He
AAC TAT GTC ACT GAA GCA GAA GAC TCC ATA
Asn Tyr Val Thr Glu Ala Glu Asp Ser He

960

GAA ATG TAT GAG TGG TAT TCC AAA CAC ATG
Glu Met Tyr Glu Trp Tyr Ser Lys His Met
ACT CGG AGT CAG GCT GAG CAA CTG CTA AAG
Thr Arg Ser Gin Ala Glu Gin Leu Leu Lys
CAA GAG GGG AAA GAA GGA GGT TTC ATT GTC
Val
Gin Glu Gly Lys Glu Gly Gly Phe He

246

1020

AGA GAC TCC AGC AAA GCT GGC AAA TAT ACA
Arg Asp Ser Ser Lys Ala Gly Lys Tyr Thr

1080

GTG TCT GTG TTT GCT AAA TCC ACA GGG GAC
Val Ser Val Phe Ala Lys Ser Thr Gly Asp
CCT CAA GGG GTG ATA CGT CAT TAT GTT GTG
Pro Gin Gly Val He
Arg His Tyr Val Val

1140

TGT TCC ACA CCT CAG AGC CAG TAT TAC CTG
Cys Ser Thr Pro Gin Ser Gin Tyr Tyr Leu
GCT GAG AAG CAC CTT TTC AGC ACC ATC CCT
Ala Glu Lys His Leu Phe Ser Thr He
Pro

1200

GAG CTC ATT AAC TAC CAT CAG CAC AAC TCT
Asn Tyr His Gin His Asn Ser
Glu Leu He
GCA GGA CTC ATA TCC AGG CTC AAA TAT CCA
Ala Gly Leu He
Ser Arg Leu Lys Tyr Pro

1260

GTG TCT CAA CAA AAC AAG AAT GCA CCT TCC
Val Ser Gin Gin Asn Lys Asn Ala Pro Ser
ACT GCA GGC CTG GGA TAC GGA TCA TGG GAA
Thr Ala Gly Leu Gly Tyr Gly Ser Trp Glu

1320

ATT GAT CCA AAG GAC CTG ACC TTC TTG AAG
He
Asp Pro Lys Asp Leu Thr Phe Leu Lys
GAG CTG GGG ACT GGA CAA TTT GGG GTA GTG
Glu Leu Gly Thr Gly Gin Phe Gly Val Val

1380

AAG TAT GGG AAA TGG AGA GGC CAG TAC GAC
Lys Tyr Gly Lys Trp Arg Gly Gin Tyr Asp
GTG GCC ATC AAG ATG ATC AAA GAA GGC TCC
Val Ala He
Lys Met He
Lys Glu Gly Ser

1440

ATG TCT GAA GAT GAA TTC ATT GAA GAA GCC
Met Ser Glu Asp Glu Phe He
Glu Glu Ala
AAA GTC ATG ATG AAT CTT TCC CAT GAG AAG
Lys Val Met Met Asn Leu Ser His Glu Lys

1500

CTG GTG CAG TTG TAT GGC GTC TGC ACC AAG
Leu Val Gin Leu Tyr Gly Val Cys Thr Lys
CAG CGC CCC ATC TTC ATC ATC ACT GAG TAC
Phe He
He
Thr Glu Tyr
Gin Arg Pro He
ATG GCC AAT GGC TGC CTC CTG AAC TAC CTG
Met Ala Asn Gly Cys Leu Leu Asn Tyr Leu

247

1560

AGG GAG ATG CGC CAC CGC TTC CAG ACT CAG
Arg Glu Met Arg His Arg Phe Gin Thr Gin

1620

CAG CTG CTA GAG ATG TGC AAG GAT GTC TGT
Gin Leu Leu Glu Met Cys Lys Asp Val Cys
GAA GCC ATG GAA TAC CTG GAG TCA AAG CAG
Glu Ala Met Glu Tyr Leu Glu Ser Lys Gin

1680

TTC CTT CAC CGA GAC CTG GCA GCT CGA AAC
Phe Leu His Arg Asp Leu Ala Ala Arg Asn
TGT TTG GTA AAC GAT CAA GGA GTT GTT AAA
Cys Leu Val Asn Asp Gin Gly Val Val Lys

1740

GTA TCT GAT TTC GGC CTG TCC AGG TAT GTC
Val Ser Asp Phe Gly Leu Ser Arg Tyr Val
CTG GAT GAT GAA TAC ACA AGC TCA GTA GGC
Leu Asp Asp Glu Tyr Thr Ser Ser Val Gly

1800

TCC AAA TTT CCA GTC CGG TGG TCC CCA CCG
Ser Lys Phe Pro Val Arg Trp Ser Pro Pro
GAA GTC CTG ATG TAT AGC AAG TTC AGC AGC
Glu Val Leu Met Tyr Ser Lys Phe Ser Ser

1860

AAA TCT GAC ATT TGG GCT TTT GGG GTT TTG
Lys Ser Asp He
Trp Ala Phe Gly Val Leu
ATG TGG GAA ATT TAC TCC CTG GGG AAG ATG
Met Trp Glu He
Tyr Ser Leu Gly Lys Met

1920

CCA TAT GAG AGA TTT ACT AAC AGT GAG ACT
Pro Tyr Glu Arg Phe Thr Asn Ser Glu Thr
GCT GAA CAC ATT GCC CAA GGC CTA CGT CTC
Ala Glu His He
Ala Gin Gly Leu Arg Glu

1980

TAC AGG CCT CAT CTG GCT TCA GAG AAG GTA
Tyr Arg Pro His Leu Ala Ser Glu Lys Val
TAT ACC ATC ATG TAC AGT TGT TGG CAT GAG
Met Tyr Ser Cys Thr His Glu
Tyr Thr He

2040

AAA GCA GAT GAG CGT CCC ACT TTC AAA ATT
Lys Ala Asp Glu Arg Pro Thr Phe Lys He
CTT CTG AGC AAT ATT CTA GAT GTC ATG GAT
Leu Leu Ser Asn He
Leu Asp Val Met Asp

2100

GAA GAA TCC TGA GCT CGC CAA TAA GCT TCT
Glu Glu Ser End
TGG TTC TAC TTC TCT TCT CCA CAA GCC CCA

248

2160

ATT TCA CTT TCT CAG AGG AAA TCC CAA GCT
TAG GAG CCC TGG AGC CTT TGT GCT CCC ACT

2220

CAA TAC AAA AAG GCC CCT CTC TAC ATC TGG
GGA TGC ACC TCT TCT TTG ATT CCC TGG GAT

2280

AGT GGC TTC TGA GCA AAG GCC AAA AAA TTA
TTG TGC CTG AAA TTT CCC GAG AGA ATT AAG

2340

ACA GAC TGA ATT TGC GAT GAA AAT ATT TTT
TAG GAG GGA GGA TGT AAA TAG CCG CAC AAA

2400

GGG GTC CAA CAG CTC TTT GAG TAG GCA TTT
GGT AGA GCT TGG GGG TGT GTG TGT GGG GGT

2460

GGA CCG AAT TTG GCA AGA ATG AAA TGG TGT
CAT AAA GAT GGG AGG GGA GGG TGT TTT GAT

2520

AAA ATA AAT TCT AGA AAG CTT AAA AAA AAA
2560

AAA AAA AAA A
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