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ABSTRACT

X-linked agammaglobulinemia (XLA) is a humoral immunodeficiency disease 

characterised by a lack of B lymphocytes in the peripheral blood. The consequent lack 

of immunoglobulin results in severe infection. Affected males have pre-B cells in their 

bone marrow, suggesting that the defect lies in the pathway of B cell maturation.

At the start of this study, the gene responsible for XLA had not been isolated but the 

disease locus had been mapped to Xq22 by genetic linkage analysis. As part of a 

positional cloning approach to the isolation of the gene responsible for this disease, a 

Y AC con tig was constructed containing this region. A VAC was selected from this 

contig on the basis that it appeared not to be chimeric and that it contained the DXS178 

locus, known to have no recombinations with XLA in over 70 informative meioses. This 

YAC was used in a cDNA enrichment study, with the aim of isolating candidate genes 

for XLA.

The BTK gene was isolated in 1993 and shown to be the gene defective in this disease. 

Btk is a non-receptor tyrosine kinase, related to, but distinct from Src. The identification 

of this gene made it possible to screen the BTK gene in XLA patients for mutations, using 

single strand conformation polymorphism (SSCP) analysis. Mutations were found and 

sequenced in fifteen patients, and included amino acid substitutions, small insertions and 

deletions, premature stop codons, disruption of the initiation codon and splice site 

recognition sequence alterations.

A study of the BTK gene in carrier women showed that in some families carrier detection 

could be improved by direct mutation analysis. The detection of an polymorphism within 

BTK  may allow carrier detection in families where the pathological mutation has not been 

identified. A preliminary study of the Btk protein suggested that it will be possible to 

correlate the disease-causing mutation with its effect on the protein, further characterising 

the molecular basis of XLA in these families.
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CHAPTER 1 
INTRODUCTION

1.1 The isolation of disease-related genes

1.1.1 The molecular basis of inherited disease

An understanding of the molecular basis of an inherited disease requires a full knowledge 

of both the gene responsible and the protein it encodes. The DNA sequence, pattern of 

inheritance and mechanisms of control of expression of the gene, the spectrum of 

pathological mutations and the effect of protein function and dysfunction on the cellular 

physiology and biochemistry must all be understood. A knowledge of the molecular basis 

of genetic disease can then lead to further understanding of cellular structure and/or 

protein function and can have clinical benefits in the diagnosis of disease and carrier 

detection. The initial step in the path to the understanding of the molecular basis of 

inherited disease is the isolation of the disease-related gene.

1.1.2 Approaches to the identification of genes

The most recent estimate of the number of genes in the human genome is 60,000 - 

70,000 (Fields et al. 1994). The identification of a particular disease-related gene from 

the 3x10’ base pairs of the human haploid genome poses many technical difficulties. 

There are three main approaches which can be taken in order to identify an unknown 

disease-related gene; functional cloning, the candidate gene approach and positional 

cloning.

1.1.3 Functional cloning

Functional cloning can be used when the protein product involved in a particular disease 

has been previously identified, and knowledge of the protein is used to aid the 

identification of its encoding gene. For example, antibodies can be used to enrich for
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specific mRNA by polysome immunopurification, as shown by Russell et al. (1983). The 

authors of this study isolated the bovine low density lipoprotein receptor gene, which 

underlies familial hypercholesterolemia in humans, from the enriched mRNA by 

screening with oligonucleotides whose sequence was based on knowledge of a small 

amount of amino acid sequence. Sakai et al. (1994) isolated the human 

galactocerebrosidase gene, responsible for Krabbe disease, using oligonucleotides 

designed in the same way. Thus, the previous identification of a protein can aid in the 

isolation of the associated gene.

1.1.4 The candidate gene approach

As the number of human genes which have been isolated increases, and the methods for 

identifying mutations become more sophisticated, the candidate gene approach is being 

more widely used. Previously identified genes can be considered as disease locus 

candidates if the encoded protein can been envisaged to have a role in the physiology or 

biochemistry of the diseased tissue, or if the gene is known to map to the same 

chromosomal region as the disease and encode a plausible protein. For example, many 

genes involved in phototransduction have already been isolated and one of these, the 

rhodopsin gene, was found to be responsible for dominant retinitis pigmentosa on the 

basis of the identification of mutations in the gene in patients (Dryja et al. 1990).

1.1.5 Positional cloning

In many cases, however, the protein associated with a particular disease pathology is not 

known and cannot be guessed at, so the gene must be isolated in another way. Positional 

cloning involves the identification of a gene on the basis of its location in the genome. 

Cytogenetic analysis can provide valuable information if any affected individuals have 

chromosomal rearrangements or cytogenetically visible deletions. These genetic 

alterations can be visualised and used to provide "boundaries" of the potential location 

of the disease gene. The identification of the genes for Duchenne muscular dystrophy 

(Ray et al. 1985), von Recklinghausen neurofibromatosis (Fountain et al. 1989) and 

chorcideremia (Cremers et al. 1990) all involved characterisation of large deletions found
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in the DNA of affected individuals. Without chromosomal deletions or translocations in 

patient DNA, a frequently used approach to the isolation of disease genes is saturation 

genetic and physical mapping. The identification of the approximate position of the gene 

by genetic linkage analysis of affected families, followed by physical mapping of the area 

to determine the order of loci and the distance between them, can allow the identification 

of a region, in the order of a few megabases of DNA, in which the gene must lie. Small 

deletions, which are not cytogenetically detectable, in affected individuals may be 

detected by Southern blot analysis using probes from the region, and may further narrow 

down the area. In order to finally locate and isolate the gene in question, cloned DNA 

from the critical area can be used to isolate candidate genes. Positional cloning has been 

successfully applied in the identification of many disease-related genes, including those 

responsible for cystic fibrosis (Rommens et al. 1989) and X-linked chronic granulomatous 

disease (Royer-Pokora et al. 1986).

1.1.6 Genetic linkage analysis

The initial step in many positional cloning attempts is to localise the gene in question to 

a particular part of a chromosome using genetic linkage analysis. This type of analysis 

requires polymorphic markers, such as restriction fragment length polymorphisms or 

microsatellite repeats, and pedigrees containing heterozygous individuals. The basis of 

genetic linkage analysis is that two loci which are located close together on a 

chromosome will be less likely to have a recombination occurring between them at 

meiosis I, and therefore are more likely to be inherited together, than two loci which are 

far apart on the same chromosome or on different chromosomes. Each chromosome 

undergoes at least one recombination at each meiosis. The unit of genetic map distance, 

the Morgan, is defined as the length of chromosomal segment which, on average, 

undergoes one exchange during meiosis per individual chromatid strand. Over short 

chromosomal regions, the recombination fraction, i.e. the proportion of recombinants 

against all possible opportunities for recombination (0), is directly proportional to the 

genetic map distance, so that a recombination fraction of 0.01 corresponds to a genetic 

map distance of 1 centiMorgan (cM). Loci which are more than 50cM apart on the same 

chromosome, having a recombination fraction of 0.5, will have the same chance of being

21



inherited together as loci on different chromosomes. As human families are generally 

small, an indirect statistical approach must be taken to assess genetic linkage, and this 

is based on maximum likelihood estimates. A ratio is established between the likelihood 

that the two loci are linked and the likelihood that they are unlinked. This ratio is 

expressed as a logarithm (base 10) - the LOD score or Logarithm of Odds - and is 

usually calculated using special computer programmes (for example, Lathrop & Laloulel,

1988). Evidence for linkage is considered significant when the maximum LOD score (Z) 

is greater than 3 (i.e. the likelihood ratio exceeds 1000). Usually, the linkage data from 

several pedigrees are summed and the recombination fraction is taken as that at which the 

LOD score is maximum. Often, multi-locus linkage analysis is used to place an unknown 

locus (often the disease) on a linkage map within a framework of markers, or to order 

a series of linked loci. Once a genetic disease locus has been assigned to a particular part 

of a chromosome, the area can be physically mapped as the next step towards the location 

of the gene. The human genome has been estimated to have a genetic size of 33 

Morgans and a physical length of 3 x 10’ base pairs. Very approximately IcM therefore 

equals 1Mb, but this relationship varies depending on the recombigenicity of the region 

under study (Hartley et al. 1984).

1.1.7 Physical mapping

Physical mapping is the identification of a physical linkage between two loci by finding 

common restriction fragments, thus determining the order and physical distance between 

DNA loci on the chromosome. This procedure was revolutionised by the development 

of pulsed field gel electrophoresis (Schwartz & Cantor, 1984; reviewed in O’Reilly & 

Kinnon, 1990), which overcomes the pore-size limitations of conventional electrophoresis 

and allows the separation of DNA fragments of up to 10Mb in length. The original 

technique employs electrophoresis of DNA in alternate directions in approximately 

perpendicular electrical fields. When the field direction is changed after the set pulse 

time, shorter DNA fragments will reorientate themselves and begin to move forwards 

much more quickly than longer fragments. The resolution can be controlled by altering 

the pulse time between changes in the direction of the electrical field - higher molecular 

weight DNA fragments will be separated using longer pulse times. A modification of the
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original method uses contour-clamped homogeneous electric fields (CHEF) (Chu et al. 

1986) in which the hexagonal array of electrodes, at 120°, results in the DNA running 

straight in the tracks, allowing better resolution. The generation of fragments of DNA 

up to a megabase in size for pulsed field gel analysis requires careful DNA preparation 

to prevent shearing, usually by embedding the cells in agarose blocks before lysis. High 

molecular weight DNA, prepared in these blocks, is then digested into large fragments 

using rare-cutting restriction enzymes, singly and in double digests. Southern blot 

analysis of pulsed field gels with sequential hybridisation of probes to the membrane can 

identify common restriction fragments, which can then provide a maximum physical 

distance between two loci. Physical mapping can therefore allow the physical distance 

between loci surrounding a disease locus to be established and provide the framework 

within which cloned DNA can be isolated and analysed.

1.1.8 CpG islands

The CpG dinucleotide is under represented in the majority of the human genome because 

the cytosine is often methylated and this can become deaminated to give thymine (Ehrlich 

& Wang, 1981). CpG islands are short (about 1.5kb) regions of the genome which are 

generally unmethylated, and therefore C and G rich (Bird, 1987), and which seem to be 

clustered in the early-replicating and gene rich Giemsa light staining bands of 

chromosomes (Craig & Bickmore, 1994). These islands are present at the 5’ ends of 

most mammalian housekeeping genes and approximately 40% of genes with a tissue 

specific oriimited expression (Larsen et al. 1992), and to date there is no published 

example of a CpG island which does not appear to be associated with a gene (Bickmore 

& Bird, 1992). The exact function of these islands remains to be determined but they 

have been associated with a more open chromatin structure which may be associated with 

transcription (Tazi & Bird, 1990). The rare-cutting enzymes used in long range physical 

mapping are usually méthylation sensitive and have at least one CpG dinucleotide in their 

recognition sequence. Identification of sites for several rare-cutting enzymes at the same 

location is therefore indicative of a CpG island, and so of transcribed sequences. The 

isolation of these islands can lead to the identification of the associated genes (Lindsay 

& Bird, 1987; Manoni et al. 1991; Tribioli et al. 1994).
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1.1.9 Cloning genomic DNA

Small fragments of DNA can be cloned into plasmids (up to lOkb), bacteriophage lambda 

(up to 15kb) or cosmids (up to 40kb) using standard procedures (Sambrook et al. 1989). 

For positional cloning purposes however, the sizes of fragments of cloned DNA generally 

need to be much larger, in the order of megabases. The most commonly used vectors 

are yeast artificial chromosomes (YACs) which can contain over a megabase of foreign 

DNA (Burke et al. 1987). The artificial chromosome technology has bridged the 

resolution gap between conventional genetic analysis with resolution to 5cM 

(approximately 5Mb) and the DNA fragments which can be cloned in cosmids (up to 

50kb). The technology involves the cloning of foreign DNA into a vector containing 

sequences which allow stable maintenance of the cloned DNA as an extra chromosome 

in the appropriate vector host cell, and its replication along with the host cellular DNA.

1.1.10 Generation of YACS

YACs are vectors containing up to 1-2 Mb of cloned DNA which can be propagated and 

maintained in yeast as an extra chromosome (Burke et al. 1987). The basic structure of 

a YAC is illustrated diagrammatically in Figure 1.1. The vector used most frequently 

as the basis for the YAC is pYAC4. The YAC vector sequences contain the cis-acting 

elements essential for yeast chromosome function: telomeres (TEL), origins of DNA 

replication (autonomous replicating sequences, ARS) and centromeres (CEN). These 

sequences confer structural integrity on the cloned DNA and allow it to replicate and 

have meiotic and mitotic stability. Digestion of the pYAC4 vector with BamRl and 

EcoRI results in three fragments - the two larger YAC arms {EcdBl-BamHl) and a 

smaller stuffer fragment {BamRl-Bamlil). The YAC vector arms have been arbitrarily 

defined as left, containing the ARS and CEN4 sequences and with trpl as a selectable 

marker, and right, containing uraS as a selectable marker. The cloned DNA is inserted 

into EcoRI cut ends of the two vector arms, and the BamRl cut ends are recognised by 

Saccharomyces cerevisae and converted in vivo into functional telomeres (Murray et al. 

1986). The foreign DNA is usually size fractionated and inserted into the EcoRI cloning 

site within the sup4 gene, before being transformed into yeast spheroplasts. Sup4 is a
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mutant tRNA which suppresses the ochre (nonsense) mutation in the ade2 gene. 

Interruption of this gene by cloned DNA disrupts suppression and, in an ade2 ochre host, 

will result in accumulation of a red adenine pre-metabolite, allowing selection or 

recombinant clones by their red colour instead of the wild type white.

1.1.11 Isolation of specific YACs

A number of whole genome (Brownstein et al. 1989; Anand et al. 1990; Albertsen et al. 

1990; Larin et al. 1991; Chumakov et al. 1992) and chromosome specific (Wada et al. 

1990; Lee et al. 1992; Sleister et al. 1992) YAC libraries have now been generated and 

these have reported average insert sizes from 275kb to 918kb. These libraries can be 

screened using PGR amplification of a specific sequence or by hybridisation of a specific 

probe, to identify YACs from the area of the genome under study. YAC technology has 

been amenable to automation in the processes of generating filters for hybridisation 

(Bentley et al. 1992) or pools of DNA for screening by the polymerase chain reaction 

(PCR) (Green & Olson, 1990).

1.1.12 Identification of overlapping YAC clones forming a contig

YACs identified from libraries by hybridisation or PCR amplification, using loci from 

the region under study, can be built up into a contiguous array (contig) by identifying 

overlapping clones. Contigs of up to 8Mb have now been generated covering sections 

of the human genome (for example, Little et al. 1992; Monaco et al. 1992). YACs can 

be studied by PFGE and Southern blot analysis and, if there are enough known genes or 

DNA markers in the region, the contig can be constructed simply by using the presence 

or absence of these loci in the clones. The presence of a common locus in the region of 

interest in two or more YACs suggests overlapping cloned DNA. More usually, there 

are not enough known markers to allow this approach in isolation and, consequently, new 

probes have to be generated. An approach which has been used successfully is the 

generation of probes by inter-zl/w PCR (Cole et al. 1991). Alu sequences are repeats 

which are thought to occur approximately every 4kb in human DNA (Moyzis et al.

1989). The sequences are often inverted and therefore, a single primer with sequence
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Figure 1.1. Diagrammatic representation of a YAC
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The left vector arm contains the sequences for trpl selectable marker gene, autonomous replicating sequences (ARS) and the CEN4 centromeric 
sequences. The right arm contains the uraS selectable marker gene. The insert DNA is coned into the sup4 gene. The TEL sequences function as 
telomeres in the yeast cell. Single thin lines represent pBR322 sequences, boxes represent yeast derived sequences and the thick single line represents 
the insert DNA.
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based on one end of the Alu sequence will often amplify the intervening sequence 

between two repeats in opposite configurations. When applied to genomic DNA, Alu 

PCR generates a smear of product due to the number of sites to which the primer can 

anneal, but when used on a limited source of human DNA, for example a YAC or a 

somatic cell hybrid, a number of discrete fragments are produced. These fragments are 

characteristic for each clone as a type of "fingerprint", and can be gel purified and used 

as probes on previously isolated YACs or in a library screen to isolate more YACs in a 

chromosome walking approach. Alu PCR fingerprinting can also be used to establish the 

degree of overlap of two YACs - the bigger the proportion of identically sized bands, the 

greater the amount of overlap of the inserts (Nelson et al. 1989). New probes can also 

be generated by isolation of the YAC insert DNA ends using the techniques of plasmid 

end rescue (Burke et al. 1987), X/w-vector PCR (Nelson et al. 1989), inverse PCR 

(Silverman et al. 1989) or vectorette PCR (Riley et al. 1990) and the newly generated 

probes can then be used to identify further overlaps, orientate YACs relative to each 

other, or as a basis for screening for new YACs.

1.1.13 Mapping of the DNA within a YAC

Restriction digest mapping of a YAC by partial digestion, using restriction enzymes and 

subsequent PFGE and Southern blot analysis, allows distances between probes already 

known to be present in the YAC to be established and a restriction map of insert DNA 

to be generated. DNA loci can also be mapped relative to the ends of the YAC. This 

type of analysis allows the cloned DNA to be placed on the physical map of the region. 

Yeast DNA is not methylated however, and as many of the rare-cutting restriction 

enzymes are méthylation sensitive, restriction digest patterns seen in DNA which has 

been propagated in yeast may not be easily comparable with patterns seen in genomic 

DNA from a cell line.

1.1.14 Fidelity of representation of genomic DNA in YACs

YACs can be chimeric molecules, containing DNA from two different genomic locations, 

or have deletions or other rearrangements, resulting in the map of the cloned DNA being
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incompatible with known physical maps. The available YAC libraries have reported 

chimeric YAC frequencies of 10-50% (Kouprina et ah 1994, and references therein), but 

the accuracy of these figures depends on the density of study of particular libraries, and 

the frequency appears to be region specific. Some chromosome specific YAC libraries 

are reported to have lower frequency of chimeras than the whole genomic libraries 

(Sleister et ah 1992). Chimerism in YACs is thought to occur because of coligation of 

two genomic fragments during the preparation of the library, or because of transformation 

induced recombination with a co-transformed YAC (Albertsen et ah 1990; Green et ah 

1991; Kouprina et ah 1994). The junction of one chimeric YAC has been fully analyzed 

and found not to have an EcoRI site, indicative of coligation of fragments during the 

cloning procedure, but to contain an Alu repeat sequence (Green et ah 1991). This 

suggests that recombination between two Alu sequences occurred after transformation. 

YACs have also been reported to contain internal deletions (Neil et ah 1990; Albertsen 

et ah 1990) which are thought to be caused by transformation induced recombination, 

prompted by nicks in the DNA. There have been reports of genomic regions thought to 

be unclonable in YACs (Palmieri et ah 1993). Any study involving YACs must include 

steps to establish the integrity of the cloned DNA, usually by fluorescent in-situ 

hybridisation (FISH) (reviewed in Trask, 1991) or by making insert end probes which 

can then be mapped onto somatic cell hybrid DNA containing the region under study 

(Cox et ah 1990). It is very important to ensure that the cloned DNA is compatible with 

the physical map of the region under study as failure to recognise chimera or 

rearrangements can lead to the misdirection of chromosome walks or wrong estimations 

of physical distance between two loci.

1.1.15 Identification of transcribed sequences from YACs

Once the area known to contain the disease gene loci has been isolated in cloned form, 

the next step in the gene hunting process is to identify the protein coding sequences. The 

identification of transcribed sequences by the conventional methods of searching for 

cross-species conservation (Monaco et ah 1986) or isolating CpG islands (Lindsay & 

Bird, 1987; Tribioli et ah 1994) cannot be feasibly undertaken when the genomic region 

under study spans several megabases. Even the conceptually elegant techniques of exon
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trapping (Duyk et al. 1990; Buckler et al. 1991), which uses functional splicing signals 

to rescue transcriptional units, or enhancer trapping (Weber et al. 1984), which relies on 

the enhanced transcription of a reporter gene to identify enhancer sequences, have only 

been used on genomic DNA isolated as cosmids (less than 40kb). YACs, with their 

much larger inserts, have yet to be shown to be amenable to this type of analysis. Direct 

screening of cDNA libraries using radio-labelled YACs has been used successfully 

(Wallace et al. 1990; Elvin et al. 1990) but has low sensitivity because of the complexity 

of the probe. In contrast, cDNA enrichment techniques have been shown to be quick, 

sensitive and amenable to use with multiple samples. The hybridisation of cDNA 

libraries to YAC DNA immobilised on nylon membrane has been used successfully to 

enrich for cDNAs encoded in a particular genomic region and has lead to the isolation 

of particular genes (Parimoo et al. 1991 ; Lovett et al. 1991). The latest development of 

this technique involves the biotinylation of the YAC DNA and its capture using 

streptavidin coated magnetic beads, thereby allowing cDNA hybridisation and washing 

procedures to be carried out in solution (Morgan et al. 1992; Korn et al. 1992). cDNA 

screening, however, relies on the availability of a suitable cDNA library, the selection 

of which must be based on a knowledge of the temporal and developmental expression 

of the gene in question.

1.1.16 X-inactivation studies

For X-linked diseases, X-inactivation studies can provide information on the cell types 

in which expression of a functional gene is essential for the survival of the cell, and 

hence the cell types in which the gene must be expressed. In order to achieve dosage 

equivalence between XX females and XY males, one X chromosome is transcriptionally 

silenced in every cell of the early developing female embryo (reviewed in Rastan, 1994). 

This occurs in an entirely random manner and is stable and heritable in subsequent cell 

divisions. If one of the X chromosomes is carrying a mutation in a gene required for 

the development of a particular cell type however, all of the cells of that type which 

inactivate the X chromosome carrying the normal copy of the gene will not survive. The 

remaining cells of that particular type will have a non-random pattern of X-inactivation. 

Analysis of X-inactivation patterns can therefore identify the cell type and developmental
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stage where the gene exerts its effect, and at which it must therefore be expressed, 

allowing selection of a suitable cDNA library. The techniques which are used to 

determine X-inactivation patterns are often based on the difference in méthylation status 

of the active and inactive X chromosomes zmd make use of méthylation sensitive 

restriction enzymes to study the pattern of inactivation (Vogelstein et al. 1987; Boyd & 

Fraser, 1990).

1.1.17 Confirming the identity of a candidate gene

Once a cDNA mapping to the defined area of the genome has been identified, it can be 

considered as a candidate gene for the disease in question. It must then be established 

that the gene is expressed in the cell type(s) affected by the disease, by northern blotting, 

RT-PCR or in situ hybridisation, and that the gene is defective in individuals affected by 

the disease. The quickest way to initially screen for genomic alterations in a particular 

gene is by Southern blot analysis of patient DNA, using the cDNA as a probe, to identify 

missing or altered fragments. Intragenic deletions or mutations which can be proposed 

to be disease causing firmly associate the gene with the disease. In many cases, 

however, no alterations can be detected using this technique and point mutations must be 

found using a screening technique or directly by DNA sequence analysis.

1.1.18 Analysis of the protein product involved in a disease phenotype

The end point of a positional cloning study is the isolation of the gene which, when 

defective, causes the disease under study. Whole new areas of investigation are opened 

up to study the function of the encoded protein in normal cells and to elucidate the 

molecular basis of the disease. Database searches can identify homologous proteins, 

imparting clues to the function of the protein and studies can be initiated to examine the 

expression, function, regulation and interactions of the protein. This can lead to the 

biochemical pathways and molecular interactions of the protein in the cell being more 

fully understood. A knowledge of the molecular basis of the disease may then lead to 

improved, and more specific treatments for affected individuals, including the possibility 

of treatment by gene therapy for the disease, in the future.

30



1.2 Mutation Analysis

1.2.1 The importance of mutation analysis

The reasons for identifying pathological mutations in a disease related gene are three-fold: 

to show that it is a disease causing gene; to provide functional information about the 

encoded protein; and to allow better disease diagnosis and provide the means for 

improved genetic counselling of families affected by the disease, through the use of 

improved carrier detection and pre-natal diagnosis.

1.2.2 Mutation analysis techniques

Cytogenetic and Southern blot analyses are often used as an initial screen to identify large 

deletions or other rearrangements in a gene. The majority of disease-causing mutations, 

however, are not detectable using these techniques. The unequivocal way to search for 

unknown point mutations in a gene is to sequence the entire coding region, splicing signal 

sequences and control regions. Multiple samples and large genes make this approach 

impractical, although automated DNA sequencing technologies may soon make it a more 

feasible option. Screening methods offer a more efficient way of identifying mutations 

from large numbers of patients. These techniques usually involve screening the gene in 

fragments and identifying one fragment which may contain the mutation, thereby limiting 

the DNA which must be sequenced. The method chosen depends on the size and 

structure of the gene, the sensitivity required and the resources available. There are 

several techniques currently being used successfully to detect single base changes, small 

deletions and insertions.

1.2.3 Single strand conformation polymorphism analysis (SSCP)

SSCP analysis (Orita et al. 1989a; Orita et al. 1989b) has been shown to identify up to 

95% of mutations in a given gene (Michaud et al. 1992; Sheffield et al. 1993) and has 

been used widely because of its sensitivity and simplicity (for example, Hayward et al. 

1994; Shimizu et al. 1994). The technique works on the principle that single stranded
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DNA fragments analysed on a non-denaturing polyacrylamide gel form secondary 

structures which are sequence dependent. A single base alteration in a given fragment 

can lead to the formation of slightly different secondary structure, causing the fragment 

to migrate differently under electrophoresis, compared to a normal fragment. 

Radiolabelling of the fragments allows the change to be identified as a band shift on an 

autoradiograph of the polyacrylamide gel. Once the fragment in which the mutation lies 

has been identified, sequencing of the DNA in that fragment will locate the exact 

mutation. A variation on the original technique is RNA SSCP, which has been reported 

to detect mutations in cases where DNA SSCP did not (Sarkar et al. 1992b; Danenberg 

et al. 1992). Non-radioactive visualisation methods such as ethidium bromide staining 

(Hongyo et ol. 1993) and silver staining (Oto et al. 1993) have been used widely to 

increase the simplicity and safety of the technique. Fluorescence based detection of 

shifted fragments using automated DNA sequencing technology (Iwahana et al. 1994) 

may provide the future direction for the technique of SSCP.

1.2.4 Denaturing gradient gel electrophoresis (DGGE)

Several other methods for the detection of point mutations are based on the identification 

of heteroduplexes formed between a mutant and a normal allele. These heteroduplexes 

can be analyzed by DGGE (Myers et a i  1985; Sheffield et al. 1989). The gradient of 

denaturing agent (urea and formamide) causes the DNA to denature as it migrates, in 

sequence dependent domains of low melting temperature. Usually, one end of the 

fragment is "clamped" by using a long GC tailed PCR primer in the amplification 

reaction, to ensure that melting occurs from one end of the molecule only. Once the two 

strands are partially denatured, migration through the gel is impeded. Mutations are 

detected by observing a DNA fragment with a different melting temperature than normal, 

visualised as a shift on the polyacrylamide gel. DNA sequencing of the region contained 

in the shifted fragment is required to identify the nucleotide change. Setting up the 

optimum denaturing conditions for each fragment is time-consuming but, once 

established, DGGE provides a mutation detection rate of up to 100% (Moyret et al. 

1994). The technique has been modified to use temperature instead of chemical 

dénaturants, temperature gradient gel electrophoresis (TGGE), and has been found to
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have equivalent detection rates (Scholz et al. 1993).

1.2.5 Heteroduplex analysis

Heteroduplexes of normal and mutant DNA analysed on non-denaturing gels can be used 

to identify point mutations (White et al. 1992), as heteroduplexes are thought to move 

more slowly than corresponding homoduplexes due to a more "open" double stranded 

DNA configuration surrounding the mismatched bases. New gel matrices, for example 

Hydrolink gels, have been reported to improve sensitivity (Keen et al. 1991). The 

fragment in which the change is detected must be sequenced to identify the exact 

nucleotide alteration. Heteroduplex analysis has also been shown to be useful in carrier 

detection (Prior et al. 1994).

1.2.6 Chemical mismatch analysis (CMM)

CMM has been acclaimed as the most sensitive of the mutation detection methods 

currently available (Cotton et al. 1988). This technique involves chemically modifying 

mismatched bases in a heteroduplex containing radiolabelled wild type DNA, and then 

cleaving with piperidine at the modified bases. Osmium tetroxide is used for the 

modification of mispaired thymines and hydroxylamine for mispaired cytosines, with 

adenine and guanine mismatches being detected by labelling the anti-sense strand of the 

wild-type DNA. The fragment will be broken at the site of the mutation. Analysis on 

a polyacrylamide gel allows sizing of the cleaved fragments and therefore close estimation 

of the position of the altered base(s). Sequencing then reveals the nature of the mutation. 

This technique has been shown to pick up 100% of mutations in fragments up to 1.7kb 

(Forrest et al. 1991; Roberts et al. 1992). The methodology however, is labour intensive 

and involves using highly toxic chemicals as well as radioactivity.

1.2.7 Dideoxy fingerprinting (ddF)

The technique of ddF (Sarkar et al. 1992a) is a hybrid between dideoxy sequencing and 

SSCP analysis. A ladder of bands is generated using one of the four standard dideoxy
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sequencing reactions and then subjected to non-denaturing polyacrylamide gel 

electrophoresis. Changes in the banding pattern compared to a normal control indicate 

the approximate position of the mutation. This technique has not been widely used but 

has been shown to detect 100% of mutations in a given gene (Sarkar et al. 1992a).

1.2.8 Mechanisms of mutagenesis

Changes to the DNA content of a cell occur frequently and can range from changes in 

the number of chromosomes to a single base substitution. Changes which do not involve 

the loss or gain of genetic material, which do not occur in coding regions of the genome 

or do not cause any functional changes to the encoded molecule, do not usually cause 

disease. Other genetic changes, however, are more disruptive to the cell. The effect of 

these changes depends on whether the cell is a somatic cell or a germ line cell. In 

somatic cells, most DNA alterations do not cause disease, the principle exception being 

changes resulting in the deregulation of cell growth, leading to malignancy. A second 

exception is an alteration occurring at a very early stage of embryogenesis, resulting in 

a chimeric individual, who may or may not exhibit a disease phenotype. The majority 

of disease-causing mutations occur in the germ-line and cause disease in succeeding 

generations.

1.2.8.1 Chromosomal alterations

Non-disjunction during meiosis can result in an abnormality in the number of 

chromosomes in a zygote. Many alterations of this type are lethal but some changes are 

viable, for example Down’s syndrome (reviewed in Serra & Neri, 1990). Translocations, 

the interchange of chromosome fragments, can result in defects and disease if part of the 

genetic material is lost or if, in a balanced translocation, the breakpoint occurs in or near 

a protein coding sequence (Schinzel, 1984). Chromosomal alterations of this type are 

cytogenetically visible.
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1.2.8.2 Large insertions and deletions

Most genetic disease, however, is caused by genetic alterations which are not 

cytogenetically visible. Inversions of 500kb within the Factor VIII gene have been shown 

to be responsible for 50% of severe cases of Haemophilia A (Lakich et al. 1993). This 

is thought to be due to recombination between a small gene found in the intron of the 

Haemophilia A gene and a copy of this gene found 500kb towards the telomere (Rossiter 

et at. 1994). Some genes have been shown to be highly prone to deletions, for example 

the genes encoding steroid sulphatase (Ballabio et al. 1989), dystrophin (Niemann Seyde 

et al. 1992) and low density lipoprotein receptor (Langlois et al. 1988).

1.2.8.3 Trinucleotide expansions

Trinucleotide repeat expansions are a recently discovered mechanism which can cause 

genetic disease. Diseases including Huntingdon’s disease, fragile X mental retardation 

and myotonic dystrophy have been shown to be caused by the rapid expansion of the 

numbers of repeats in the particular gene associated with the disease (reviewed in Bates 

& Lehrach, 1994). These diseases are often characterised by anticipation, i.e. increasing 

severity of the disease as it is passed on through the generations, and there is often a sex 

bias in disease transmission. The mechanism producing this genetic instability remains 

unknown.

1.2.8.4 Small insertions and deletions

Small deletions and insertions (less than 20 base pairs) have been found to cause a wide 

variety of genetically inherited diseases (Cooper & Krawczak, 1991; Krawczak & 

Cooper, 1991) and are thought to be caused mainly by the local sequence environment. 

Direct and inverted repeats, monotonie runs of bases and other sequences which cause 

pauses or disruptions to the action of the DNA polymerases during DNA replication are 

thought to be responsible for the majority of these sequence alterations.
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1.2.8.5 Single base alterations

Single base alterations can be caused by the deamination of methylated cytosine in a CpG 

dinucleotide to thymine. This has been shown to be a frequent mechanism of point 

mutation (Cooper & Youssoufian, 1988). Environmental agents, for example ionising 

radiation, UV light or chemicals, can result in mutations if the DNA sequence is not 

faithfully repaired (reviewed in Weeda et al. 1993).

1.2.8.6 Errors in DNA replication

Spontaneous errors during DNA replication or repair account for some base alterations. 

DNA replication maintains faithful duplication of the genome through the specific 

demands of the DNA polymerases for the precise geometry of the Watson-Crick base 

pair. It has been estimated that the error rate of DNA polymerases is approximately 10^ 

(Lewin, 1993). This rate is improved by the proof-reading activities of the DNA 

polymerases, which use 3’-» 5’ exonuclease activity to excise any base which does not 

fit exactly into the growing DNA chain. Therefore, the mutation frequency has been 

estimated at 10'* to 10'*°. Most of the published work on DNA polymerase fidelity and 

editing has been done in prokaryotic systems, but it is thought that similar mechanisms 

exist in eukaryotic cells (Echols & Goodman, 1991).

1.2.9 Implications of mutation analysis

Patients affected with a disease provide natural models of protein dysfunction with 

obvious phenotypic effects. The study of these mutations and their correlation with any 

measurable biochemical, physiological or cellular effects and the patient disease state can 

provide information on the molecular basis of the disease. The correlation between 

defects in a single gene and an inherited disease may also lead to the improved diagnosis, 

treatment and counselling for families affected by the disease. Before the identification 

of the gene responsible for a particular disease, the techniques for carrier detection or 

pre-natal diagnosis are limited and can usually only give a risk estimate for a particular 

case. Genetic linkage analysis with closely linked, informative polymorphic markers can
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provide a good estimate of risk, if enough family members are available. Once the gene 

responsible for a particular disease has been isolated, however, the possibilities for 

accurate carrier detection and for pre-natal diagnosis increase. The use of RFLPs within 

a gene allow a much more accurate risk estimate to be given because there is almost no 

risk of a recombination having occurred between the polymorphic site and the disease 

locus, except in very large genes. Once the precise mutation causing the disease in the 

family under study has been identified, unequivocal detection of the mutant allele can be 

performed using altered restriction fragment patterns or DNA sequencing, allowing 

simple carrier detection and prenatal diagnosis.

1.3 X-linked agammaglobulinemia

1.3.1 The seven X-Iinked imniiinodeflciency diseases

There are at least seven genes involved in immunodeficiency diseases mapping to the X 

chromosome, and these are summarised in Table 1.1. The genes responsible for all of 

these diseases, except one, have now been identified, and illustrate the successful use of 

both positional cloning and the candidate gene approach to the isolation of human disease 

genes. Genes can be preliminarily mapped to the X chromosome on the basis of an X- 

linked pedigree, with males affected by the disease and females transmitting the disease 

as carriers. This has resulted in extensive study of the X chromosome. Gene cloning 

attempts are also often aided by the identification of X-inactivation patterns in the cells 

of carrier women, as this can result in the identification of the expression pattern of the 

gene. X-inactivation has been widely used in the study of the X-linked 

immunodeficiencies as the affected cell types are found in the peripheral blood, making 

samples easily available.

The candidate gene approach lead to the identification of the gene for X-linked severe 

combined immunodeficiency (X-SCID) (reviewed in Leonard et al. 1994). This disease, 

characterised by a complete lack of T cells and abnormal B cell function, had been 

genetically mapped to X qll-X ql3 and X-inactivation analysis of carriers had suggested
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Table 1.1 The X-linked immunodeficiency diseases

Disease Cell types which have non-random X- 
inactivation pattern in carrier women

Chromosomal
location

Gene Reference

X-linked chronic 
granulomatous disease 

(X-CGD)

none Xp21 subunit of 
cytochrome bĝ g

Royer-Pokora et al. 1986

X-linked severe combined 
immunodeficiency (X-SCID)

T cells 
B cells*

Xql3 IL2 receptor 
7 chain

Puck et al. 1993 
Noguchi et al. 1993

X-linked hyper IgM 
syndrome (HIGMl)

none Xq26 CD40 ligand Allen et al. 1993 
Aruffo et al. 1993 

Korthauer et al. 1993 
DiSanto et al. 1993

Wiskott-Aldrich 
syndrome (WAS)

T cells 
B cells 

granulocytes 
monocytes 
platelets

Xpll WASP
transcription

factor?

Derry et al. 1994

Properdin deficiency none Xp 11.23 - 
Xp21.2

properdin Nolan et al. 1991 
Nolan et al. 1992

X-linked 
ly mphoproli ferative 
syndrome (XL?)

none Xq25 7 Skare et al. 1993

X-linked agammaglobulinemia 
(XLA)

B cells Xq22 Bruton’s tyrosine 
kinase

Vetrie et al. 1993c 
Tsukada et al. 1993
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that all haematopoietic lineages might express the X-SCID gene. The IL2 receptor 7 

chain (Takeshita et al. 1992) was mapped to the Xcen-Xql3 region of the X chromosome 

and was suggested to be a candidate gene for this disease (Puck et al. 1993; Noguchi et 

al. 1993). This was confirmed by the identification of mutations in this gene in X-SCID 

patients (Puck et al. 1993; Noguchi et al. 1993). The IL2 receptor 7  chain is a 

component of the intermediate and high affinity IL2 receptors, important for IL2 

signalling (reviewed in Taniguchi & Minami, 1993). The severity of the X-SCID 

phenotype compared to IL2 deficiency may be explained by the discovery that the IL2 

receptor 7  chain is a component of multiple cytokine receptors, including the receptors 

for IL4, IL7 and IL15 (Kawahara et al. 1994).

X-linked hyper IgM syndrome (HIGMl) was mapped to the Xq26 band of the X 

chromosome by genetic linkage analysis (reviewed in Kroczek et al. 1994). This disease 

is characterised by selective agammaglobulinemia of the IgA and IgG subclasses. B and 

T cells are present at normal levels and neither type of cell shows a non-random pattern 

of X-inactivation in carrier women. The CD40 ligand gene was suggested to be a 

candidate gene for this disease on the basis that the CD40-CD40 ligand interaction was 

important for the maturation of the B cell response and that the gene mapped to the same 

region of the X chromosome as the disease. This was confirmed by the identification of 

mutations in the CD40 ligand gene in HIGMl patients (Allen et al. 1993; Aruffo et al. 

1993; Korthauer et al. 1993; DiSanto et al. 1993).

Properdin deficiency had been mapped to the short arm of the X chromosome by genetic 

linkage analysis (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 the disorder (Goundis et al. 1989). The gene for properdin, a component of the 

alternative pathway of the human complement system, has now been cloned and 

characterised (Nolan et al. 1991; Nolan et al. 1992) but mutations in the gene in 

properdin deficient patients have yet to be identified.

The positional cloning approach was used in the identification of the genes for X-linked 

chronic granulomatous disease (X-CGD). The cloning of the X-CGD gene was a result
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of the analysis of patients with large deletions of the Xp21 band. Selected cDNAs from 

the region were analysed, and one, the chain of the cytochromeyggg of NADPH oxidase, 

was found to be mutated in X-CGD patients (Royer-Pokora et al. 1986). NADPH 

oxidase is responsible for the production of superoxide which kills micro-organisms 

ingested by phagocytes, defects in which result in recurrent infection, chronic 

inflammation and large granulomas (reviewed in Roos, 1994).

Wiskott-Aldrich syndrome (WAS) is characterised by eczema, thrombocytopenia and 

recurrent infections as a result of profound immunodeficiency of T and B cells. Genetic 

linlcage analysis had mapped the disease to X p ll.22-p ll.23 . Direct cDNA selection 

using an immobilised YAC from a contig containing the critical region for the disease 

yeilded a cDNA from a gene which appeared to be expressed in lymphocytic and 

megakaryocytic lineages and was mutated in WAS patients (Derry et al. 1994). This 

gene encodes a proline rich protein, which has been suggested to be a transcription 

factor.

The gene responsible for X-linked lymphoproliferative syndrome (XLP) has not yet been 

identified. Individuals affected by 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 & Purtilo, 1987). 

Affected males that are not exposed to EBV infection appear completely normal and X- 

inactivation studies of female carriers have shown random patterns in all cell types 

investigated (Conley et al. 1990). This gene does not, therefore, appear to be required 

for the development of any of the haematopoietic lineages and may only be activated in 

response to certain types of infection. Three XLP patients have been found who all have 

deletions in Xq25 (Skare et al. 1993). This information may help in the isolation of the 

gene responsible for this disease.

The gene for X-linked agammaglobulinemia (XLA) has recently been identified using 

both positional cloning (Vetrie et al. 1993c) and the candidate gene approach (Tsukada 

et al. 1993), illustrating the use of both techniques, and will be the principle focus of this 

thesis.
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1.3.2 XLA - the disease

Lack of immunoglobulins in a patient suffering from severe infections was described as 

early as 1952 by Dr Ogden Bruton, an American physician (Bruton, 1952). Now, more 

than forty years later, primary immunodeficiency diseases are more fully classified and 

understood( X-linked agammaglobulinemia (XLA; Bruton’s agammaglobulinemia; MIM 

30030; AGMXl) is a primary immunodeficiency disease characterised by a lack of 

circulating B cells and profound hypogammaglobulinemia. The principle effect of this 

lack of humoral immune response is serious recurrent bacterial infections, particularly 

in the upper and lower respiratory tract, but affected individuals are also susceptible to 

enteroviruses. These infections can be life-threatening at a very young age. The current 

treatment for this disease is aggressive antibiotic therapy and regular intravenous 

immunoglobulin infusions. The current estimate of the incidence of XLA is 1/150,000 

(Smith et a l  1994b).

1.3.3 Normal B cell development

B cells are lymphocytes which carry clonally distributed surface immunoglobulin 

receptors for the recognition of antigen. Their development is marked by a series of 

developmental changes in gene expression and cell surface markers, and by 

immunoglobulin gene rearrangements, summarised in Figure 1.2 (reviewed in Tarlinton, 

1994). The first stage of B cell development is the production of the immunocompetent 

primary B cell repertoire, a process which is antigen independent. In mammals, B cells 

are produced in the fetal liver and the adult bone marrow. Derivatives of the pluripotent 

haematopoietic stem cell can first be identified as having been committed to the B cell 

lineage when they express multiple B cell specific cell surface markers, including CD19. 

These are pro-B cells and have rearranged variable region genes for the /x chain, although 

the fi protein is not expressed at this stage. The presence of cytoplasmic /x chains is used 

as a marker for development into a pre-B cell and these cells divide rapidly, and some 

of the cytoplasmic fx is expressed on the cell surface, in association with the surrogate 

light chains, X5 and the pre-B cell receptor. The pre-B cell then stops dividing,

becomes smaller and rearranges its light chain variable region genes. The cell then
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expresses surface IgM, in association with Iga and Ig/?, as a functional B cell receptor 

(BCR), and leaves the bone marrow for the peripheral circulation as an immature B cell. 

Most of these cells also go on to synthesize ô chains and hence become fully 

immunocompetent peripheral B cells. These cells have already undergone a process of 

negative selection to remove any B cells expressing immunoglobulin reactive against self­

antigens. Normal B cells make up 5-15% of the lymphocytes in the peripheral blood.

1.3.4 Normal B cell activation

In a normal healthy individual, most of the peripheral B cells are quiescent. An 

encounter with specific antigen is required before activation occurs and the cell can enter 

into cell cycle, proliferate and differentiate into mature plasma cells, which produce 

antigen specific antibody (reviewed in Cambier et al. 1994). The functions of this 

antibody can be direct, for example the neutralisation of bacterial toxins, or indirect, via 

the opsonisation of the antigen, facilitating the action of the complement cascade or 

phagocytosis. B cells can be activated by some types of antigen, specifically polymeric 

bacterial antigens, without help from other cells of the immune system but the resultant 

primary and secondary responses are fairly weak. The B cell response to most antigens, 

however, depends on T cell help in the form of cell-cell interactions and soluble factors. 

The B cell can then grow, proliferate and differentiate into an antibody producing cell. 

Other B cells migrate into follicles in the spleen and undergo class switching, to produce 

antibody of different isotypes, and somatic mutation in their V region genes. Antigen- 

antibody complexes are trapped by follicular dendritic cells (FDC) in the primary follicles 

and this FDC associated antigen causes selective proliferation of B cells with high affinity 

surface immunoglobulin. These cells migrate through the follicle and differentiate into 

memory cells in the germinal centres. These memory cells enter the peripheral 

circulation and remain in a resting state until the next encounter with antigen, when they 

can provide a fast response.
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Figure 1.2 Schematic representation of B cell development
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1.3.5 B cells in XLA

B cells make up less than 1% of peripheral lymphocytes in XLA patients (Conley, 1985; 

Campana et al. 1990). This failure of B cell development results in affected individuals 

having very small lymph nodes without germinal centres. Pearl et at. (1978) reported 

that pre-B cells with cytoplasmic could be detected in the bone marrow of XLA patients 

indicating that the defect responsible for this disease did not prevent entry of stem cells 

into the B cell lineage. Campana et a l  (1990) noted that the ratio of pro-B cells to pre-B 

cells in the bone marrow of affected individuals was markedly increased; ten times the 

number of pro-B to pre-B cells were found in XLA patients, the reverse of the ratio 

found in normal controls. Both Campana and Milili et al. (1993) reported decreased pre- 

B cell proliferation. The few B cells found in the peripheral blood of XLA patients have 

an immature phenotype, as shown by more intense expression of surface IgM and less 

intense expression of HLA Class II (Conley, 1985; Tedder et al. 1985), but have been 

shown to have normal immunoglobulin gene recombination mechanisms and expression 

of the surrogate light chain genes (Anker et a l  1989; Timmers et al. 1991; Milili et a l  

1993). The defect in this disease was shown to be intrinsic to B cells by X-inactivation 

studies which identified a non-random pattern of X-inactivation in the mature B cells of 

carrier women and a random pattern of X-inactivation in their T cells, neutrophils and 

granulocytes (Conley et al. 1986; Fearon et al. 1987).

1.3.6 Why search for the gene responsible for XLA?

The gene responsible for XLA must encode a protein which is crucial for the 

development of B cells, as XLA males have no peripheral mature B cells and obligate 

carrier women have a non-random pattern of X inactivation in their B cells. The 

identification of this gene should therefore provide an insight into B cell development in 

both the normal and diseased state. Clinically, the identification of the gene may allow 

better disease diagnosis and genetic counselling for families affected by this disease, and 

may potentially, in the future, lead to a cure for this disease by gene therapy.
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1.3.7 Genetic mapping of the XLA locus

At the start of this study the molecular basis for XLA was unknown. Disease inheritance 

patterns were suggestive of an X-linked monogenic disorder. A positional cloning 

approach to the identification of the gene responsible for this disease was taken by several 

laboratories and the XLA locus was first assigned to the long arm of the X chromosome 

in 1986, when two studies showed linkage to DXS3 (Z = 3.65 at 0 =  0.04 (Kwan et al, 

1986) and Z =  3.30 at 0 = 0.06 (Mensink et al. 1986)). Malcolm et al. (1987) 

excluded DXS3 from the XLA locus on the basis of a recombination (Z =  3.63 at 0 = 

0.06) and showed close linkage between the XLA locus and DXS17 (Z = 4.44 at 6 = 

0) and DXS94 (Z = 6.65 at  ̂ = 0). Arveiler et al. (1987) ordered these loci as: cen- 

DXS3-DXS94-DXS17-tel and showed DXS178 to be closely linked to DXS94. A 

recombination between the XLA locus and DXS94 identified this loci as the distal 

flanking marker for the disease locus (Kwan et al. 1990). DXS178 was shown to have 

no recombination with the disease in over 40 informative meioses and a combined two 

point LOD score of Z = 14.48 at 0 = 0 (Guioli et al. 1989; Kwan et al. 1990) 

indicating very close linkage. These studies lead to a genetic map of the region: cen- 

DXS3-6.5cM-(DXS178,XLA)-5cM-DXS94-3.5cM-DXS17-tel. New markers were then 

mapped to Xq21.3-Xq22 (Dietz Band et al. 1990; Barker et al. 1991), several of which 

(DXS265, DXS366, DXS442) were placed within the XLA region (Barker et al. 1991). 

The Mspl polymorphism associated with DXSlOl was also placed in this region (Barker 

et al. 1991). Kwan et al. (1991) found no recombinations between the XLA locus and 

DXS265, DXS366 or DXS442 in a preliminary study, but two independent studies 

subsequently reported recombinations between the XLA locus and DXS366 and DXS442 

(Lovering et al. 1993a; Parolini et al. 1993). As DXS366 has been placed proximal to 

DXS442 by a recombination (Barker et al. 1991), DXS442 replaced DXS3 as the 

proximal marker flanking XLA. Lovering et al. (1993a) also identified a recombination 

between the disease and the DXSlOl associated Mspl polymorphism, making this the new 

distal flanking marker. No recombinations were detected with DXS265, which has now 

been shown to map within 5kb of DXS178 (Lovering et al. 1993b). DXS178 remained 

the closest marker to the XLA locus with no recombinations with the disease locus in 

over 70 informative meioses and the cumulative two point LOD score in excess of 30,
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indicating very close linkage with the disease. The genetic distance between DXS442 and 

DXSlOl was thought to be approximately 2-4cM, with the order of loci being cen- 

DXS366-DXS442-(XLA-DXS178-DXS265)-DXS101-DXS94-DXS17-tel.

1.3.8 Heterogeneity of the disease

There have been reports of cases of XLA where family genetic linkage studies have 

mapped the disease locus to a region other than Xq22 (Mensink et al. 1986). It appears, 

however, that the origin of the XLA mutation in several families, including the family 

described in Mensink et al. (1986), is in the paternal germ-line and that the father is an 

unaffected germ-line mosaic (Lau et al. 1988; Hendriks et al. 1989). After taking this 

mode of inheritance into consideration, the linkage data did not exclude an XLA locus 

at Xq22.

Females with a phenotype identical to XLA have been described (Conley & Sweinberg, 

1992). There was no evidence for translocations involving the X chromosome in these 

patients, suggesting the possibility of an autosomal location for a gene resulting in an 

XLA-like phenotype.

A number of patients with reduced numbers of, but not absent, peripheral B cells and low 

immunoglobulin levels have been reported (Conley & Puck, 1988; Alterman et al. 1993), 

and in some cases there is considerable variation in severity of disease between affected 

individuals in the same family (Goldblum et al. 1974). X-inactivation studies of obligate 

carrier women from these families show a non-random pattern of X-inactivation in the 

B cell lineage (Conley & Puck, 1988; Alterman et al. 1993), suggesting that this mild 

disease may be an allelic variant of XLA.

1.3.9 XLA and isolated growth hormone deficiency

The co-inheritance of XLA and isolated growth hormone deficiency (IGHD) has been 

reported in a number of families (Fleischer et al. 1980; Sitz et al. 1990; Conley et al. 

1991; Monafo et al. 1991; Buzi et al. 1994). Genetic linkage analysis of these families
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indicated that the defect mapped to the same region of the X chromosome as XLA and 

the non-random pattern of X-inactivation seen in carrier women was identical to that seen 

in the B cells of obligate XLA carrier women (Conley et al. 1991). The growth hormone 

gene is located on chromosome 17 (Owerbach et al. 1980). These results suggest that 

XLA with growth hormone deficiency is due either to a contiguous gene deletion, 

resulting in loss of the XLA gene and a gene involved in growth hormone production, 

or to an allelic variant of the XLA gene contributing to the growth hormone defect by an 

unknown mechanism.

1.3.10 Identification of the gene responsible for XLA

In 1993, two papers, published simultaneously, announced the isolation of the gene 

responsible for XLA. Using a positional cloning approach, Vetrie et al. ( 1993c) selected 

cDNAs from a B cell lineage cDNA library using a YAC from a contig spanning the 

XLA critical region. XLA patient DNA was screened by Southern blot analysis using 

the cDNAs as probes, and one group of cDNA clones was found which showed altered 

DNA fragments in patients, but not in normal controls, indicating an association with 

XLA. The same gene was isolated by Tsukada et al. (1993), who were looking for genes 

encoding tyrosine kinases expressed in early B cell development. They screened a cDNA 

library from murine B cell progenitors with a probe encoding a kinase domain and found 

a cDNA which was expressed in B cells and myeloid cells, but not other cell lineages. 

After isolation of the human cDNA, fluorescent in situ hybridisation, analysis of somatic 

cell hybrids, and studies using a YAC contig showed that this gene mapped to the XLA 

critical region. Using an anti-sera directed against the protein encoded by this gene, they 

showed that cell lines derived from XLA patients were deficient in the protein, 

confirming the link between this gene and XLA.

1.3.11 Bruton’s tyrosine kinase

The isolated human gene was initially called ATK (agammaglobulinemia tyrosine kinase) 

by one group (Vetrie et al. 1993c) and the mouse gene called BPK (B cell progenitor 

kinase) by another (Tsukada et al. 1993), but both are now known as BTK  (Bruton’s
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tyrosine kinase). The BTK gene encodes a 2.5kb mRNA with a 1.9kb open reading 

frame, and shows high levels of homology with non-receptor tyrosine kinase genes of the 

Src family, but particularly to ITK (Siliciano et al. 1992) and TEC (Mano et al. 1993), 

and with these two genes, is thought to be part of a new subfamily of non-receptor 

protein tyrosine kinases (PTKs). From homology to these other PTKs, it can be 

predicted that the 659 amino acid Btk protein has the defined Src homology (SH) 1, 2 and 

3 domains, thought to be involved in catalysis, protein-protein interactions involving the 

binding of a phosphotyrosine residue and other protein-protein interactions via a proline 

rich motif, respectively. The Btk/Itk/Tec subfamily differ from the other Src related 

PTKs in that they lack the N terminal myristoylation site in the SH4 domain, thought to 

be responsible for membrane association, and the C terminal regulatory tyrosine residue. 

They also have a much longer N terminal region, now shown to contain the recently 

defined Pleckstrin homology domain (Musacchio et al. 1993).

1.3.12 xid  - a mouse model for XLA?

The mouse X-linked immunodeficiency xid found in the CBA/N mouse has a milder 

phenotype than human XLA (reviewed in Lindsberg et al. 1991). These mice have large 

numbers of peripheral B cell, but a severely reduced population of CD5 positive B cells, 

and almost normal levels of immunoglobulin with decreased IgM and IgG3. The main 

functional defect in the B cells of these mice is the complete inability to respond to some 

thymus-independent antigens. They also have an abnormal response to a variety of 

activation signals. This immunodeficiency had been postulated to be the mouse 

equivalent of human XLA firstly because both diseases involve the B cell lineage on the 

basis of X-inactivation studies. Secondly, both diseases result in cells of the B lineage 

being unable to mature fully, and thirdly, the mouse xid mutation was found to 

genetically map to the syntenic region of the X chromosome corresponding to the XLA 

locus. On this basis, the xid defect was considered a possible candidate for the murine 

equivalent of human XLA. The identification of the BTK gene allowed further analysis 

of the murine xid genotype. Analysis of backcross progeny showed that xid  and BTK 

mapped together on the mouse X chromosome and subsequent sequence analysis of the 

BTK  gene from CBA/N mice and from other mouse strains showed that there was an
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amino acid alteration, arginine 28 changed to cysteine caused by a C to T mutation at 

nucleotide 219, which was found only in the immunodeficient strains (Thomas et al. 

1993; Rawlings et al. 1993). This confirmed that the XLA and xid phenotypes are 

caused by mutations in the same gene. The molecular basis of the difference between 

the xid and XLA phenotypes remains to be elucidated.

1.4 The aims of this study

At the start of this study, the gene responsible for XLA had not been identified, although 

the region which must contain the gene had been narrowed down to an area of 

approximately 2-4cM, between DXS442 and DXSlOl, by genetic linkage studies. The 

first aim of this study was therefore to construct a YAC contig across the XLA critical 

region. The second aim was to use a selected YAC from this contig to screen a cDNA 

library for transcribed sequences from the region as candidate genes for XLA. The 

gene was identified in 1993 (Vetrie et al. 1993c; Tsukada et al. 1993) cuid shown to be 

defective in individuals affected by XLA. The third aim of this project was, therefore, 

to identify mutations in the BTK gene in XLA patients, to allow important residues and 

domains to be defined. The fourth aim of the project was to use the information and 

techniques from the mutation analysis study to further analyse the BTK gene and to begin 

to study the Btk protein to analyse the role of Btk in disease, to provide functional 

information on the protein and to assess possibilities for improved carrier detection for 

this disease.
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CHAPTER 2 

MATERIALS AND METHODS

2.1 Reagents

All reagents were from Sigma Chemical Company Ltd. unless otherwise stated. Recipes 

for solutions are given in section 2.16.

2.2 Preparation of nucleic acid

2.2.1 Preparation of high molecular weight DNA from yeast

Yeast colonies from agar plates were inoculated into 10ml of media (YEPD non-selective 

media or ARC for Y AC selection) containing 50/ig/ml ampicillin and incubated at 30°C 

with agitation for 12-36 hours. For bulk cultures, 10ml of culture was used to innoculate 

an additional 500ml of the same media, which was then incubated as above. High 

molecular weight DNA was prepared in agarose blocks using a mini-prep method (Anand 

et al. 1989). Agarose blocks were then stored at 4°C.

2.2.2 Preparation of genomic DNA from blood

High molecular weight DNA in agarose blocks was prepared as described previously 

(O’Reilly et al. 1992), by Dr A. Sweatman in this laboratory. DNA in solution was 

prepared using standard methods (Miller et al. 1988) by the Clinical Genetics laboratory, 

Hospital for Sick Children, London.

2.2.3 Preparation of RNA from blood

Mononuclear cells were separated from blood collected in EDTA coated tubes (less than 

three days old) by Ficoll (Pharmacia) separation. In one case, where the individuals
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under study were carrier women, monocytes were separated out from the mononuclear 

cells by allowing them to adhere to microexudate-coated surfaces (Ackerman & Douglas, 

1978). RNA was then prepared from either the full mononuclear layer or the purified 

monocytes using acid guanidinium thiocyanate-phenol-chloroform extraction 

(Chomczynski & Sacchi, 1987) and stored in isopropanol at -70°C. Before use, the 

sample was centrifuged at 12,000^ for 15 minutes and the RNA pellet washed in 70% 

ethanol.

2.2.4 cDNA synthesis

RNA prepared from 2 xlO* mononuclear cells was resuspended in 18^1 of diethyl 

pryocarbonate (DEPC) treated water and heated to 70°C for 5 minutes. The sample was 

chilled on ice and the the following were added in order; 1̂ 1 RNAguard (Pharmacia), 

2.5jA O.IM dithiothreitol (DTT) (Life Technologies), 10/zl 0.1 mg/ml oligo d(T) 12-18 

(Pharmacia), 5̂ x1 lOmM dNTPs (Pharmacia), 2.5/ul 2mg/ml BSA (NBL) and 2/xl reverse 

transcriptase (M-MLV, 200U/jul, BRL). The cDNA was synthesised by incubation at 

42®C for 90 minutes, the enzyme inactivated at 65°C for 5 minutes and the sample then 

stored at -20°C.

2.3 Quantitation of nucleic acid

2.3.1 Spectrophotometric quantitation

Nucleic acid was quantitated using a Philips PU8620 spectrophotometer. An adsorption 

of 1 ODjôOnm was taken to equal a concentration of 50/xg/ml double stranded DNA, 

40jLtg/ml single stranded DNA or RNA and 33/xg/ml oligonucleotides.

2.3.2 Ethidium bromide estimation

The concentration of DNA could be estimated by comparing Ifil of sample with l;d  of 

lambda (X) DNA (Life Technologies) dilutions (l-lOO/^g/ml) when each was mixed with
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10/il of 500ng/ml ethidium bromide and examined on a UVP utltraviolet transilluminator.

2.4 Polymerase chain reaction (PCR)

2.4.1 PCR primers

PCR primers were designed to be approximately 20 nucleotides long, with equal 

proportions of A +T  to C+G  and with a C or G at the 3’ end. Primers were synthesised 

by Mr P. Rutland, Department of Genetics, ICH, London, or by the ICRF, London. The 

approximate annealing temperature of the primers was calculated according to the 

equation T° = 2n(A+T) 4- 4n(C+G) where n equals the number of residues in the 

primer sequence. The sequences of primers used in this study are listed in sections 2.17 

and 2.18.

2.4.2 Reaction conditions

All PCR amplifications used approximately 50-500ng template DNA, 200/xM dNTPs 

(Pharmacia), 1.5mM MgClj, buffer and enzyme according to the manufacturer’s 

instructions (Promega or Bioline) and SOpmol of each primer (forward and reverse) in 

a final volume of 50/d, unless otherwise stated. The reaction was overlaid with mineral 

oil to prevent evaporation during the temperature cycling. A control reaction containing 

all the components except template DNA was always included to check for any 

contamination. Reactions were carried out by denaturing initially for 3 minutes at 94°C, 

followed by 30 seconds at the calculated annealing temperature, 30 seconds (for products 

under 750bp) or 1 minute (for larger products) at 72°C and 30 seconds denaturing at 

94°C, for 30 cycles. A final annealing step was then followed by 10 minutes at 72°C to 

ensure that all products were elongated. Reactions were temperature cycled using a 

Hybaid Thermal Cycler.

2.4.3 Optimisation of PCR conditions

If a clean product could not be produced or no product could be amplified, the conditions
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were altered by changing the annealing temperature, altering the amount of template used 

or performing a MgCl2 titration. If a persistant co-amplification product was present or 

there was still no amplification after these procedures, the primer sequence composition 

was changed by moving it 5 or 10 bp up or downstream.

2.5 Restriction enzyme digestion of DNA

2.5.1 Complete digestion of DNA

Digestion of DNA was carried out following the enzyme manufacturer’s instructions 

(NBL or Life Technologies) in 1 x supplied restriction enzyme buffer and an excess of 

enzyme (5-10 U//xg DNA).

2.5.2 Complete digestion of DNA in agarose blocks

Blocks were first washed three times over one hour in TE buffer (at least 5ml per block). 

The digestion was carried out in 0.5mg/ml BSA, 5/xM spermidine and 1 x restriction 

enzyme buffer (supplied by manufacturer) with 30U of enzyme in a final volume of 200/xl 

overnight at the recommended temperature.

2.5.3 Partial digestion of DNA in agarose blocks

For partial digestion, agarose blocks containing DNA were equilibrated first in TE buffer 

as above and then in 1 x restriction enzyme buffer (supplied by the manufacturer) by 

incubating in a volume of 500/xl on ice for 30 minutes. Half blocks (5^g DNA) were 

placed in 100/xl restriction enzyme buffer with 15U, lU, 0.3U or O.IU of enzyme and 

initially incubated on ice for 30 minutes to allow the enzyme to diffuse into the block and 

subsequently at 3TC  for 1 hour to allow digestion. The reactions were stopped by the 

addition of 5/zl 0.5M EDTA.
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2.5.4 Digestion of PCR products

Unless otherwise specified, PCR products were first precipitated with 2.5 volumes 

ethanol and 0.1 volume 3M NaOAc, at -20°C overnight. After centrifugation at 12 OOOg, 

the pellet was washed in 70% ethanol and then resuspended in 1 x buffer as supplied by 

the manufacturer. Restriction enzyme digestion was carried out according to the 

manufacturer’s instructions.

2.6 Electrophoresis of DNA

2.6.1 Agarose gel electrophoresis

PCR products were checked for amplification and product size on 1% agarose 

(International Biotechnologies Inc.) gels with 500ng/ml ethidium bromide using 1 x TAB 

buffer, with Ikb ladder (Life Technologies) as size markers. Gels for Southern blot 

analysis and preparative gels were prepared at the appropriate agarose concentration, and 

run using the required voltage and time for the separation of the DNA fragments under 

study, with either Ikb ladder (Life Technologies) or X HindlW (NBL) as size markers. 

Samples were loaded into wells as required using 6 x DNA loading buffer. Gels were 

photographed on a UV transilluminator.

2.6.2 Pulsed field gel electrophoresis

Samples were electrophoresed on 1% agarose (SeaKem GTG, BMC) gels in 0.5 x TBE 

using the LKB Pharmacia Pulsaphor CHEF system and the LKB hexagonal electrode kit 

with appropriate run length, switch times and voltage conditions. Switch times were 

controlled with either the LKB Pulsaphor apparatus or a Flowgen EPS switch unit. The 

temperature was controlled using the LKB Multi temp II or Techne RB5 themostatic 

circulators to maintain 12°C. The DNA size markers used were whole yeast chromosome 

preparations of either Saccharomyces cerevisiae YP148 (provided by Dr Don Williamson, 

NIMR, Mill Hill, London) for DNA fragments less than 1Mb or Hansenula wingeii
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(provided by Dr Peter Jones, MRC, Cambridge) for DNA fragments over 1Mb (Jones 

et al. 1989). During long runs the buffer was changed every three days. After 

electrophoresis, the gels were stained with 500ng/ml ethidium bromide in 0.5 x TBE 

buffer for 15 minutes, and then destained in 0.5 x TBE buffer for 15 minutes before 

being photographed on a UV transilluminator.

2.6,3 Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis for SSCP analysis, DNA sequencing and protein 

analysis is described in sections 2.12.2, 2.13.3 and 2.15.6, respectively. Electrophoresis 

for separating small DNA fragments for XLA carrier detection was carried out on 20% 

gels using 1.5mm spacers in 1 x TBE buffer at 50V for 16 hours. The gel was stained 

in 5^g/ml ethidium bromide for 20 minutes and destained for 1 hour before being 

photographed under UV light.

2.7 Isolation of DNA fragments from agarose gels

In order to isolate a DNA fragment, the sample was first electrophoresed through a 1 % 

agarose gel or a 0.8% LMP agarose gel with 500ng/ml ethidium bromide in 1 x TAE. 

The required DNA fragment was excised from the gel under UV light and then purified 

away from the agarose using the Geneclean II (Bio 101) kit. The DNA was then 

quantitated using ethidium bromide fluorescence (section 2.3.2).

2.8 Southern blot analysis

2.8.1 Blotting of gels

Agarose gels for Southern blot analysis were incubated in 240mM HCl for 20 minutes 

to break large DNA fragments by acid depurination and then in denaturing solution for
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60 minutes, changing the solution once. The gels were inverted and blotted onto Hybond 

N'*' membrane (Amersham) in denaturing solution overnight. Membranes were washed 

thoroughly in 2 x SSC before storage between acid-free tissue paper, or hybridisation.

2.8.2 Radiolabelling of probes

Probes were radiolabelled by the random priming method (Feinberg & Vogelstein, 1983; 

Feinberg & Vogelstein, 1984) as follows: 30-50ng of double stranded DNA in a volume 

of 30jLtl was heat denatured at 98°C for 5 minutes, mixed with 10/d OLE, 2fi\ BSA 

(lOmg/ml), 50/iCi p^P]-dCTP (ICNFlow) and 2U Klenow DNA polymerase (NBL), and 

incubated at room temperature for 3 hours.

2.8.3 Removal of unincorporated pP]-dCTP

A 1ml syringe was plugged with polymer wool, filled with Sephadex G50, packed by 

centrifugation for 3 minutes at 300^ and the column washed with 200/d 2 x SSC. The 

probe labelling reaction was made up to a final volume of 200/xl with 2 x SSC, loaded 

onto the column and centrifuged as before. The activity of the recovered probe was 

measured by counting 2/xl using a Bioscan QC 2000 (3 counter.

2.8.4 Preannealing of probes containing repetitive sequences

The required volume of probe to give 10̂  dpm/ml of hybridisation solution was mixed 

with 1.2 volumes of 20 x SSC, 1.2 volumes of lOmg/ml human sonicated DNA and 1.4 

volumes of TE. The mixture was heated to 98°C for 5 minutes before being incubated 

at 65°C for 1-3 hours.

2.8.5 Prehybridisation of membranes

Membranes were wetted in 2 x SSC before being rolled into glass hybridisation bottles 

(Hybaid) with mesh (Hybaid) interleaved. 10ml of hybridisation solution were added and 

the bottles rotated in a Hybaid oven at 65°C for at least 3 hours.
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2.8.6 Hybridisation of membranes

Probes which did not require preannealing were denatured at 98°C for 5 minutes and 

added to the hybridisation solution at 10̂  dpm/ml. Preannealed probes were added 

directly following the preannealing reaction. Hybridisations were incubated at 65°C for 

over 16 hours rotating in a Hybaid oven.

2.8.7 Washing of membranes after hybridisation

Membranes were washed three times in 3 x SSC/0.1 % SDS at room temperature for 20 

minutes and then in solutions with 2xSSC, IxSSC or 0.5xSSC all with 0.1% SDS, 

dependent on the probe used (see Appendix I) at 65°C for 30 minutes. Membranes were 

then wrapped in plastic film (Saranwrap).

2.8.8 Autoradiography

Membranes were exposed to X-ray film (XAR-5, Kodak) at -70°C with two intensifying 

screens (Lightening Plus, Cronex, Dupont) for between 1 and 14 days. Films were 

developed on a Fugi RGII film processor.

2.8.9 Stripping membranes

Membranes were stripped of annealed probe by incubating in 2mM EDTA/lmM Tris- 

HCl (pH8.0)/0.1 % SDS at 98°C until the solution had cooled to room temperature. The 

stripping procedure was checked by exposure to X-ray film as before.

2.9 Analysis of Yeast Artificial Chromosomes (YACs)

2.9.1 Selection of YACs

The YACs used in this study were 9DA6 (provided by the HGMP Resource Centre,
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Harrow, Middlesex) from the ICI library (Anand et a l  1990), 178-1, 178-2, 178-3, 178- 

4, 178-5 (provided by Dr A.P.Monaco, ICRF, London) and 178-J, 178-K, 101-2, 101-8, 

101-5 and 442A (provided by Dr D. Vetrie, UMDS, Guy’s Hospital, London) from the 

ICRF library (Larin et al. 1991), and 178-S and 178-M (provided by Dr D. Vetrie, 

UMDS, Guy’s Hospital, London) from the St Louis Library (Brownstein et al. 1989). 

All YACs had vector arms derived from the plasmid pYAC4 and were transformed into 

the host strain S. cerevisae AB1380.

In order to select YACs 178-J and 178-K from a Y AC dot blot containing DNA from 

yeast containing YACs positive in a primary DXS178 screen (provided by Dr M.A.-J. 

O’Reilly, this laboratory), a subclone of the DXS178 specific plasmid p212/9, 212XT, 

was sequenced to allow specific PCR primers to be generated (Dr M.-A.J. O’Reilly, 

personal communication). These primers, 426F and 427R (section 2.18), were used to 

generate a 950bp DXS178 specific product by PCR amplifying human genomic DNA. 

The conditions for this reaction were standard (section 2.4.2) and used an annealing 

temperature of 5LC. This PCR product was purified as described in section 2.7 and 

used to probe the Y AC dot blot using the hybridisation protocols described in section 2.8. 

The primers and conditions for this PCR were sent to the Human Genome Mapping 

Project Resource Centre, Harrow, Middlesex to screen the ICI Y AC library (Anand et 

al. 1990), resulting in the isolation of YAC 9DA6.

2.9.2 Sizing of YACs

High molecular weight yeast DNA prepared in agarose blocks (section 2.2.1) was 

analysed by PFGE (section 2.6.2). After ethidium bromide staining and exposure to UV 

light, the YAC could be seen in some cases as an extra band in the yeast chromosomal 

ladder. The YAC DNA was transferred on to Hybond N'  ̂ membrane by Southern 

blotting and the membranes were hybridised with a probe specific for DNA contatined 

in the YAC. The YACs could then be approximately sized by comparison with S. 

cerevisae chromosomes.
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2.9.3 Checking the YACs using vector specific probes

Membranes containing YAC DNA were hybridised with vector specific end probes for 

the left and right arms of the YAC vector. These probes were generated by digesting the 

plasmid pBR322 to yield fragments which are present in the YAC vector pYAC4 as 

follows. Escherichia coll containing pBR322 (Sambrook et al. 1989) were grown in 

10ml LB media containing ampicillin overnight at 37°C with agitation and plasmid was 

obtained using the Magic miniprep kit (Promega). A Pvull/SaE digest on 4/^g of 

plasmid, using 25U of each enzyme at 37°C for 2 hours, yielded a 1.4kb fragment 

specific for the right arm of the YAC vector. To generate the 2.3kb Pvull/ EcoRl 

fragment specific for the left arm, 16/xg of pBR322 was digested first with 50U Pvull at 

3TC  for 1 hour, and then 50U EcoRI and 3.8^1 IM Tris-HCl, pH8.0, was added to 

bring the buffer close to recommended conditions and the reaction incubated at 3TC  for 

2 hours. The DNA fragments were gel purified as described in section 2.7 and the 

fragments radiolabelled and hybridised to the membranes.

2.9.4 Alu PCR fingerprinting of YACs

Alu PCR fingerprinting (Nelson et al. 1989) was performed using SOpmol Alel and Ale3 

PCR primers (section 2.18) in a standard PCR (section 2.4.2) with 0.2/xg//>il BSA and 

1.2M iS-mercaptoethanol. The yeast colony containing the YAC was transferred and 

mixed into the PCR tube. The reaction was heated to 94°C for 4 minutes followed by 

30 cycles of 94°C for 1 minute and 13°C for 3 minutes. The products were visualised 

on a large 2% agarose gel.

2.9.5 Probes used to analyse the YACs

Probes specific for loci in the region used to analyse the YACs, and the washing 

conditions used in Southern blot analysis are listed in Appendix I. The YACs were also 

analysed by PCR for the two loci DXS454 and DXS458 (Weber et al. 1990; Parkar et 

al. 1994) and using a CA repeat at the DXS178 locus (Allen & Belmont, 1992).
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2.9.6 Generation of YAC end probes

End probes from the YAC inserts were generated using vectorette PCR (Riley et al.

1990). Vectorette libraries were generated using Rsa\ and HaelU and as described except 

that the left hand end specific PCR primer was HYAC-C (section 2.18). End probes 

were purified from agarose gels (section 2.7) before being radiolabelled.

2.9.7 Long term storage of yeast

Overnight yeast cultures were stored in 50% glycerol at -70”C for long term storage.

2.10 cDNA library screening for candidate genes

2.10.1 Blotinylation of YAC 178-1

YAC 178-1 was separated from the other yeast chromosomes by PFGE. The band 

containing the YAC excised under UV light and purified using the Geneclean II kit (Bio 

101). The amount of DNA recovered was estimated using ethidium bromide fluoresence 

(section 2.3.2). A total of 180ng of DNA was biotinylated using the Clontech 

Photoactivatable Biotin labelling kit according to the manufacturer’s instructions.

2.10.2 Consti'uction of Naim 6 cDNA library

A Naim 6 cDNA library was made by Dr R. Lovering, in this laboratory, using methods 

as described in Sambrook et al. ( 1989) unless otherwise stated. RNA was extracted 

from Naim 6 cells with guanidinium thiocyanate followed by centrifugation in caesium 

chloride solutions, and poly (A) 4- RNA selected using an oligo (dT)-cellulose column 

(Pharmacia). The first strand and second strands were synthesised and synthetic 

phosphorylated linkers (Pharmacia) ligated on to the ends. The cDNA was purified 

before being ligated to pre-digested X gtlO (Stratagene) and packaged withe Gigapack II 

plus (Stratagene) according to the manufacturer’s instructions. The library
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(1.5xl0^pfu//xl) was stored in SM/chloroform at 4°C.

2.10.3 Pre-hybridisation of YAC 178-1

The hybridisation and washing conditions were based on a previously published method 

(Parimoo et o l 1991). The biotinylated YAC DNA was prehybridised using human 

sonicated (HS) DNA and AB1380 yeast DNA which had been purified from high 

molecular weight DNA agarose blocks (section 2.7). The hybridisation mix was 5 x 

SSPE, 5 X Denhardts and 0.5% SDS. The pre-hybridisation conditions are shown in 

Table 2.1. The pre-hybridisation mixtures were overlaid with mineral oil and incubated 

at 65°C overnight. The oil was then removed and 1/xl (samples 1 and 3) or 10/xl (sample 

2) of Streptavidin Dynabeads (Dynal) were added and the tubes mixed for 30 minutes at 

room temperature. Dynabeads with attached pre-hybridised YAC DNA were purified 

using the magnet (Dynal) and washed four times with 0.5ml 5 x SSPE/0.1% SDS.

Table 2.1 Prehybridisation conditions for cDNA selection

Sample YAC
DNA

Yeast
DNA

HS DNA Volume 
of DNA

Volume 
Hyb. Mix

Total
volume

1 2ng 0 .8jug - 20/xl 20fx\ 40/xl

2 lOng 4/xg - 200/il 200/xl 400/xl

3 2ng - 2^g 20/d 20/xl 40/xl

2.10.4 Hybridisation of YAC 178-1 and the Naim 6 cDNA library

The biotinylated YAC 178-1 DNA attached to the Streptavidin Dynabeads was hybridised 

with 6ng//xl Naim 6 cDNA in 5 x SSPE/5 x Denhardts/0.5% SDS in a total volume of 

30/xl for samples 1 and 3 and 300/d for sample 2 at 65°C, overnight. The magnetic beads 

with YAC and hybridised cDNA attached were then separated out using the magnet. The 

samples were washed in 600/xl volumes with the following solutions; twice for 5 minutes 

in 2 X SSC/0.1 % SDS at room temperature and then three times for 20 minutes in 2 x 

SSC/0.1% SDS, 20 minutes in 1 x SSC/0.1 % SDS, 10 minutes in 0.2 x SSC/0.1% SDS
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and twice for 20 minutes in 0.1 x SSC/0.1% SDS, all at 65°C. This was followed by 

two quick washes in 0.1 x SSC at room temperature to remove the SDS.

2.10.5 PCR amplification of hybridised cDNAs

The hybridised cDNAs were PCR amplified directly from the immoblised YAC DNA 

mixture in a final volume of 100/xl using 30pmol of primers Cl and C2 (Parimoo et al.

1991) (section 2.18). The conditions used were standard (section 2.4.2) except that the 

temperature cycle used was 94°C for 1 minute, 54°C for 90 seconds and 72°C for 4 

minutes. 2jx\ of this product was then used in a second round of amplification using 

nested primers Al and A2 (Patanjali et al. 1991) (section 2.18) in a final volume of 

100/xl (5 tubes). Conditions were standard (section 2.4.2) except that the temperature 

cycle used was 94°C for 1 minute, 50°C for 90 seconds and 72°C for 2 minutes (Patanjali 

et a l  1991).

2.10.6 Subcloning of hybridised cDNAs

The ligations and transformations described here were performed in conjunction with Dr 

R. Lovering. The PCR amplified cDNAs were subcloned into Bluescript II KS plasmid 

(Stratagene) using two different approaches; ligation of EcoRI cut amplified cDNAs into 

EcoRI cut Bluescript, and ligation of undigested amplified cDNAs into Smal digested 

Bluescript which had been T primed.

2.10.6.1 EcoRI cut end ligations

The amplification products from five PCR reactions were pooled and column purified as 

described in section 2.8.2. The DNA was resuspended in 50/xl of water and digested 

with EcoRl according to the manufacturer’s instructions, phenol/chloroform purified 

(Sambrook et al. 1989), column purified (section 2.8.2) and was then diluted to give a 

concentration of 5ng//zl. 2jug of Bluescript KS plasmid was similarly digested with EcoRI 

and purified in the same way. The ligation reaction was set up with an approximate 3:1 

molar ratio of insert ends to vector ends. The reaction contained 50ng plasmid, 30ng
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cDNA, 2.5/xl 10 X reaction buffer containing 1 unit of ligase (NBL) and 1.3/xl of water 

to make the final volume up to 20/d and was incubated overnight at 4°C. As a control, 

25ng of EcoRI digested plasmid was religated in a final volume of 10/xl and incubated as 

above.

2.10.6.2 Blunt end ligations

In order to use the A overhang often left by Tag polymerase (Mole et al. 1989; Hemsley 

et al. 1989), 2/xg of Bluescript vector was digested with Smal according to the 

manufacturer’s instructions and then T primed using 8U terminal transferase and 1/xl of 

100/xM ddTTP. Incubation was carried out for 30 minutes at 37°C and then 2/xl 50mM 

EDTA was added to stop the reaction. The DNA was then cleaned by phenol/chloroform 

purification (Sambrook er û/. 1989). The ligation reaction included 50ng Bluescript, 80ng 

undigested cDNA, 2.5/xl 10 x reaction buffer with 1 U of ligase and 15/xl water to make 

the reaction volume up to 20/xl and was incubated at 4°C overnight. 25ng of T primed 

cut vector was religated as a control in 10/xl volume.

2.10.7 Competent cells for transformation

SURE cells (Stratagene) were grown overnight in LB with tetracyclin at 37°C with 

agitation. A 10ml innoculum of this overnight culture was then grown in 130ml of the 

same media until the OD̂ oonm = 0.6. The culture was centrifuged for 5 minutes at 6000^ 

and 2°C and the cells resuspended in ice cold 50mM CaCl] at half volume. The cells 

were left on ice for 1 hour before being pelleted as before and resuspended in 50mM 

CaCl2 in 0.05 of the original volume. The cells were again left on ice for 1 hour.

2.10.8 Transformation of subcloned cDNAs

The products of each ligation reaction were mixed in 100/xl O.IM Tris-HCl pH7.4 and 

then mixed with 100/xl competent SURE cells (section 2.10.7). Ing uncut Bluescript was 

used as a control. The cells were heat shocked at 45°C for 2 minutes and then 1ml warm 

LB media was added. The cells were grown at 37°C for 20 minutes before being plated
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out on LB plates with tetracyclin, ampicillin, O.IM IPTG (Calbiochem) and 2% X-Gal 

and grown overnight at 37°C.

2.10.9 Production of colony filters

The cloning site for this vector is within the coding information for the first 146 amino 

acids of the galactosidase gene (lac Z). When the vector is used in cells which carry 

the sequences for the carboxy terminal portion of (3 galactosidase, the two fragments can 

associate to form an enzymatically active protein, which leads to colonies producing a 

blue colour in the presence of the chromogenic substrate X-Gal. If a foreign DNA 

fragment is cloned into this cloning site, the 13 galactosidase fragment is non-functional 

and the bacterial colonies containing recombinant plasmids are white. This system allows 

quick, easy selection of colonies containing potentially recombinant plasmids. White 

colonies, which potentially contain insert, were picked and gridded out onto LB plates 

in duplicate with the same antibiotics, one plate containing IPTG and X-Gal and the other 

without. The plates were grown overnight at 37°C. These filters with grown colonies 

were fixed according to the protocol described by Buluwela et al. ( 1989).

2.10.10 Hybridisation of colony filters

Filters were hybridised with radioactively labelled 178-1 YAC DNA and selected cDNA 

as described in section 2.8. YAC DNA was labelled as described (sectiorj2.8.2 ) and 

selected cDNA from sample 2 was labelled by PCR using primers Al and A2 (section 

2.18) by reducing the amount of dCTP to ImM and adding 0.2/xl pP]-adCTP (ICN 

Flow). The temperature cycle used for this labelling reaction was 94°C for 1 minute, 

50°C for 90 seconds and 72°C for two minutes. The DNA was purified using a spin 

column, as described in section 2.8.2.

2.10.11 Isolation of subcloned cDNAs

White colonies were grown in 10ml LB media and ampicillin overnight at 37°C and 

minipreparations of plasmid DNA made using the Magic miniprep Kit (Promega). The

64



isolated plasmids were digested with EmRI according to the manufacturer’s instructions 

to release the insert and analysed on 1 % agarose gels to determine the insert size.

2.10.12 Analysis of inserts

Individual EcoRl digested plasmid preparations were electrophoresed on 1% LMP 

agarose gels and the insert fragment excised, purified and radioactively labelled as 

described (section 2.8.1). Each insert was hybridised to EcoRI digested genomic DNA, 

AB1380 and 178-1 DNA preparations and to EcoRI digests of all other miniprep samples, 

by Southern blot analysis.

2.11 Identification of patients for BTK  mutation analysis

2.11.1 Patients used for analysis

XLA patients were males diagnosed because of recurrent infections early in childhood. 

All had profound hypogammaglobulinemia, with virtually no B cells but normal levels 

of T cells. In some families, carrier women had previously been studied using X 

chromosome inactivation analysis (Alterman et al. 1993). Patients with less severe XLA 

phenotypes and xid-like phenotypes were also analysed. Clinical details are given in 

Appendix II.

2.11.2 Measurement of B cell numbers and immunoglobulin levels

Patient B cell numbers and immunoglobulin levels were from hospital records where 

possible. In the cases where B cell numbers were not available, B cells were measured 

using fluorocytometric analysis on a FACScan (Becton Dickinson) by staining Ficoll 

purified mononuclear cells with phycoerythrin (PE) conjugated mouse anti-Leu-12 

(CD 19) (Becton Dickinson) with PE conjugated mouse IgGl (Becton Dickinson) as a 

control antibody.
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2.12 Single strand conformation polymorphism (SSCP) analysis

2.12.1 PCR conditions

For SSCP analysis, the BTK cDNA was PCR amplified in seven overlapping sections and 

digested into small fragments as detailed in Table 2.2. The PCR was performed using 

200/xM dGTP, dATP and dTTP and 20jnM dCTP (Pharmacia) with 1/xCi pP]-dCTP 

(ICN Flow), 1.5mM MgCl2, 50 pmol each primer (forward and reverse), buffer and 

enzyme according to the manufacturer’s instructions (Bioline) and 1/xl cDNA (section 

2.2.4) in a final volume of 25jicl. Initial dénaturation was at 94°C for 3 minutes and the 

subsequent 30 temperature cycles were at 94°C, 57°C and 72°C for 30 seconds each. 

Primer sequences are listed in section 2.17. The PCR products were digested when 

necessary by the addition of 10 units of enzyme to the PCR mix and incubation at 37°C 

overnight. The amplification products were checked on 1 % agarose gels and then diluted 

between two-fold and twenty-fold in 0.1 % SDS/lOmM EDTA as required to allow even 

loading on the polyacrylamide gels.

2.12.2 Non-denaturing polyacrylamide gels

2jLil of diluted sample and 2jul of loading buffer were denatured at 95°C for 3 minutes, 

chilled on ice and loaded onto a 6% polyacrylamide (Accugel, National Diagnostics) non­

denaturing gel. Samples were run at 4°C on gels containing 10% glycerol in 1 x TBE, 

at 60 Watts for 6 hours and at room temperature on gels containing 5 % glycerol in either 

1 X TBE or 0.5 x TBE, at 30 Watts for 4 hours. Gels were dried and exposed to 

autoradiographic film (Kodak XAR-5) at room temperature for 3-14 days. Any 

differences in mobility between patient and control was scored as positive.
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Table 2.2 PCR primers and restriction digest sites for SSCP analysis

Reaction Primers^ Position 
in cDNA^

Product
Size
(bp)

Enzyme Cut
Site^

Fragment
sizes
(bp)

A A llF
E3R

1829-2132 304 Rsa I 2023 195
119

B BS5(F)
HR

1587-1870 284 Hae III 1754 168
116

C AS5(F)
lOR

1294-1690 397 Eco RI 1453 160
237

D 849F
7R

964-1336 373 Ava II 1107 144
229

E NTSH3F
5R

619-1019 401 Hae III 793 175
226

F AIF
2R

319-664 346 Hae III 459 141
205

G Start F 
ExlR

76-379 304 304

' F and R indicate forward and reverse primers, respectively. Primer sequences are given in section 2 .17 . 
 ̂ N ucleotide position as numbered in Vetrie et al. ( 1993c).
35 ’ cut site o f  enzym e.

2.13 DNA sequencing

2.13.1 Sequencing using the "Sequenase" kit version 2.0 (USB)

Template DNA for sequencing was produced by using PCR amplification of cDNA with 

one of each pair of primers biotinylated using standard PCR conditions (section 2.4.2) 

with an annealing temperature of 5TC. Singled stranded template was separated using 

M-280 Streptavidin Dynabeads (Dynal) according to the manufacturer’s instructions. 

Sequencing was carried out using the "Sequenase" kit version 2.0 as detailed in USB 

protocols.
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2.13.2 Cycle sequencing

For cycle sequencing, PCR product from the amplification of cDNA in a standard 50/il 

reaction was excised from a 1 % agarose gel and purified by centrifuging for 2 minutes 

through polymer wool at 12,000^. DNA was precipitated from the resulting solution by 

the addition of 0.1 volumes of 3M NaOAc and 2.5 volumes EtOH at -20°C overnight. 

The DNA was pelleted at 12,000^ for 15 minutes, washed in 70% EtOH, air dried and 

resuspended in water. Cycle sequencing was carried out according to the manufacturer’s 

instructions using Taq Cycle-sequencing kit (USB) or Exo (-) Pfu Cyclist DNA 

sequencing kit (Stratagene).

2.13.3 Sequencing gels

Sequencing reactions were run on 6% polyacrylamide (Accugel 40, National Diagnostics) 

8M urea denaturing gels in 1 x TBE, using wedged spacers and BRL sequencing 

equipment according to the manufacturers’ instructions. Gels were dried on a vaccuum 

drier and exposed to autoradiographic film (Kodak XAR-5) for 1 - 14 days at room 

temperature.

2.14 Tissue culture

2.14.1 Culture of cell lines

Daudi is a Burkitt’s lymphoma B cell line. BLCL-276 was derived from bone marrow 

from an XLA patient by EBV transformation and was provided by Dr M. de Weers 

(Leiden, The Netherlands). These cell lines were grown in RPMI 1640 (Life 

Technologies) supplemented with 10% PCS (Globepharm), 2mM L-glutamine (Life 

Technologies) and 50/Lil/ml gentamicin (Roussel) at 37°C under 5% (v/v) CO2. Baby 

hamster kidney (BHK) cells were grown in the same media until confluent and then 

detached from the flask by incubation with lOmM EDTA in PBS (Ackerman & Douglas, 

1978). AnLy and RAG are fibroblast lines and were grown in the same media, with
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Trypsin-EDTA (Gibco) used to loosen the cells. AnLy is a somatic cell hybrid 

containing Xql2-Xqter as its only human DNA. RAG is the murine parent cell line.

2.14.2 Long term storage of cells

Cells were frozen at 2xlOVml in growth media with 30% PCS and 10% DMSO by first 

cooling slowly to -70°C in a polystyrene box for 48 hours and then transferring to liquid 

nitrogen for long term storage. To thaw, cells were warmed quickly at 37°C, pelleted 

by centrifugation and resuspended in the appropriate medium.

2.14.3 Counting of cells

Cells were counted using a Neubauer haemocytometer according to the manufactuer’s 

instructions.

2.15 Analysis of Btk protein

2.15.1 Production of anti-Btk antibody

An antiserum specific for Btk was made by Dr R. Lovering and Dr S. Hinshelwood, in 

this laboratory (Genevier et al. 1994b). The BTK cDNA sequence encoding amino acids 

163 - 218 (Vetrie et al. 1993c) was amplified by PCR using the primers NTSH3F and 

SH3NTR (section 2.17) and was cloned, using the BamHI and EcoRI enzyme sites 

encoded in the PCR primers, into the bacterial expression plasmid pGEX-2T (Smith & 

Johnson, 1988). The resulting glutathione-S-transferase (GST) Btk fusion protein was 

expressed and was purified using glutathione beads (Smith & Johnson, 1988). The fusion 

protein could be seen by SDS-PAGE as one major species of approximately 34kD with 

an additional degradation product of 29kD. Approximately 50/xg of this protein was used 

to immunize New Zealand white rabbits according to a published protocol (Tsukada et 

al. 1993) except that the rabbits were boosted monthly. The animals were bled at 

monthly intervals, starting one week after the first boost and serum collected and stored
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at -70°C. Immunoglobulin was purified by binding to protein A Sepharose. The 

polyclonal anti serum was purified further by removing species which bound to either 

agarose, GST-sepharose or to a T cell acetone extract (Sambrook et al. 1989). 

Following western blot analysis of B cell lysates, the resulting anti-sera strongly 

recognised a protein of approximately 77kD (Btk).

2.15.2 Hypotonic lysis of cells for Btk analysis

Mononuclear cells or monocytes, purified as described in section 2.2.3, were lysed in 

hypotonic lysis buffer at a concentration of 5xl07ml on ice for 10 minutes. The samples 

were centrifuged at 12,000^ for 5 minutes at 4°C. The supernatant was removed and 

added to an equal volume of 2 x reducing loading buffer.

2.15.3 Immunoprécipitation of Btk

Btk was immunoprecipitated from 5x10^ mononuclear cells or purified monocytes. 

Where these cell numbers were not available, volumes were adjusted accordingly. Cells 

were washed in PBS ’A’ (Oxoid, Unipath) and left on ice for 10 minutes in 100/tl 

immunoprécipitation lysis buffer. Cell debris and unlysed cells were removed by 

centrifugation at 12,000^ for 10 minutes at 4°C. The supernatant was transferred to a 

fresh tube containing 100/xl 10% protein A Sepharose/normal rabbit serum which had 

previously been prepared as detailed in section 2.15.4. The sample was incubated at 4°C 

for 30 minutes, the protein A Sepharose was pelleted at 12,000^ for 30 seconds and the 

precleared supernatant transferred to a tube containing 1.5/xg of anti-Btk antibody. The 

sample was incubated at 4°C overnight with rotation.

To immunoprecipitate the protein, further incubation was then carried out at 4°C for 30 

minutes with the addition of 20/xl of 10% protein A Sepharose prepared as in 2.15.4. 

The Sepharose beads with the attached immunoprecipitates were then washed three times 

with 1ml of lysis buffer, pelleting as before, and transferring to a fresh tube following 

each wash. An equal volume of 2 x SDS protein sample reducing loading buffer was 

then added if the sample was to be analysed on a SDS polyacrylamide gel or the sample
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was washed further to carry out a kinase assay (section 2.15.5).

2.15.4 Preparation of protein A Sepharose for hnmunoprecipitations

For preclearing, the required amount of 50% protein A Sepharose was incubated with 

a half volume of normal rabbit serum in 20mM Tris-HCl, pH8.0/130mM NaCl/1% 

NP40/lmM PMSF and rolled at room temperature for 30 minutes. The beads were 

pelleted at 12,000^ for 30 seconds, washed three times in 0.5ml lysis buffer and 

resuspended at 10% in lysis buffer. For the immunoprécipitation step, the beads were 

simply washed three times in lysis buffer as above.

2.15.5 Kinase assay

In order to perform a kinase assay, the immunoprecipitated samples were washed further 

once in PBS ’A’, twice in 0.5M LiCl/20mM Tris-HCl, pH8.0, and once in kinase buffer. 

The pellet was resuspended in 30/d kinase buffer with 5-10/xCi f^P]-7 ATP (Amersham 

International), incubated at room temperature for 10-20 minutes and an equal volume of 

2 X SDS protein sample reducing loading buffer added. The samples were then analysed 

by SDS PAGE.

2.15.6 Western blot analysis

Proteins were separated on 7.5% SDS polyacrylamide denaturing gels overnight at 40V 

and room temperature using Bio-Rad II gel apparatus according to the manufacturer’s 

instructions. The electrophoresed proteins were transferred on to Hybond C nylon 

membranes (Amersham International) using a semi-dry blotter (Bio-Rad) according to the 

manufacturer’s instructions using transfer buffer. The membrane was first blocked with 

5% non-milk fat (Marvel)/PBS for 3 hours and then with 3% BSA/PBS for 1 hour, 

washing briefly in between with 0.05% Tween/PBS (PBS-T). The membranes were 

washed again in PBS-T before being incubated with a 1/200 dilution of anti-Btk antiserum 

in TTF with 0.02% thiomersal at room temperature for 3 hours or overnight. After 

washing 5 times over 30 minutes in PBS-T, the membrane was incubated in horse-radish
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peroxidase-conjugated goat anti-rabbit Ig anti-serum diluted 1/1000 in TTF for 90 

minutes. Following a further five washes in PBS-T, the proteins were detected using the 

ECL system (Amersham International) with film exposure times from 30 seconds to two 

hours.

2.16 Solutions

Distilled water (DW) was used to prepare all solutions and solutions were autoclaved at 

121°C for 20 minutes to sterilise, unless otherwise stated.

AHC selective YAC media

1.7g yeast nitrogen base without amino acids and without ammonium 

sulphate (Difco), 5.0g ammonium sulphate, lOg casein hydrolysate-acid 

(low salt), 20g glucose, water to 1 litre, pH to 5.8. 2ml adenine 

hemisulphate lOmg/ml added after autoclaving. 20g/litre bacto-agar 

(Difco) was added for AHC agar plates.

Ampicillin stock

50mg/ml in water, filter sterilised, working concentration 50/xg/ml.

Denaturing solution

1.5M NaCl, 0.5M NaOH.

100 X Denhardts solution

20g Ficoll 400 (Pharmacia), 20g polyvinylpyrrol-idone, 20g BSA (Fraction 

V), water to 1 litre. Sterilised by filtering and stored at -20°C.

DEPC water

DEPC added to 0.1 % (v/v), incubated overnight at room temperature and 

autoclaved.

6 X DNA loading buffer
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1.5g Ficoll in 10ml water, bromophenol blue, xylene cyanol.

Hybridisation solution

10 X Denhardts, 50/xg/ml sonicated salmon sperm DNA (denatured at 98°C 

for 5 minutes), 6 x SSC and 1% SDS.

Hypotonic lysis buffer

lOmM Tris-HCl, pH7.4, 2mM MgClj, ImM CaClg, 2mM PMSF (BDH).

Immunoprécipitation lysis buffer

20mM Tris-HCl, pH8.0, 130mM NaCl, 1% NP40 (BDH), ImM PMSF, 

lOmM NaF (BDH), 1% aprotinin, 20/xM leupeptin, ImM dithiothreitol, 

lOOjuM sodium orthovanadate

IPTG

2g IPTG in 10ml water, filter sterilised.

Kinase buffer

20mM MnClj (BDH), 50mM Tris-HCl, pH7.5

LB (Luria-Bertani) bacterial growth medium

lOg Bactotryptone (Difco), 5g bacto yeast extract (Difco), lOg NaCl, water 

to 1 litre. 15g/litre bacto-agar (Difco) added for LB agar plates.

OLB was made from the following solutions

Solution O : 1.25M Tris-HCl, 0.125M MgClz, pH8.0 (store at 4°C ) 

Solution A : 1ml Solution O, 18jul 2-mercaptoethanol and 5/d each of 

dATP, dTTP and dGTP previously dissolved at O.IM in TE (stored at 

-20T)

Solution B : 2M HBPBS, pH 6.6 (stored at 4°C)

Solution C : Hexanucleotides (Pharmacia) suspended in TB at 90 OD 

units/ml
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Solutions A,B and C were mixed in a ratio of 10:25:15 and stored at 

-20°C.

PBS-T

0.05% Tween in PBS’A’ (previously autoclaved).

2 X SDS protein sample reducing loading buffer

The following were added to 40ml of DW: 1.52g Tris base, 20ml glycerol, 

2g SDS, 2ml 2-mercaptoethanol, Img bromophenol blue (BDH). IM HCl 

was added until the pH was 6.8 and the solution made up to 100ml with 

DW.

Sephadex G50

lOg Sephadex G50 (Pharmacia) was incubated in 100ml 2 x SSC at 65°C 

for 3 hours, replacing the supernatant with new SSC during the incubation. 

Stored at 4°C.

SSC, 20 X stock

3M NaCl, 0.3M sodium citrate.

SSCP/Sequencing loading buffer

95% Formamide, 20mM EDTA, 0.05% bromophenol blue and 0.05% 

xylene cyanol (BDH).

1 X SSPE 0 .15M NaCl, 0.02M sodium phosphate, ImM EDTA, pH7.2

Tetracyclin stock

5mg/ml in ethanol, not sterilised, stored at -20°C, diluted 1/1(X) for use.

Tris acetate buffer (TAE), 50 x stock

0.2M Tris base, IM glacial acetic acid (BDH), 50mM EDTA, pHS.O.
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Tris borate buffer (TBE), 10 x stock

0.9M Tris base, 0.9M Boric acid, ImM EDTA, pH8.0.

Tris-EDTA (TE), pH8.0

lOmM Tris-HCl, pH8.0, ImM EDTA.

TTF

200mM Tris-HCl, pH7.5, 0.5% Tween, 10% PCS (Globepharm).

Western blot transfer buffer

48mM Tris, 39mM glycine, 20% methanol (BDH), pH9.2.

X-Gal

20mg/ml in dimethylformamide, store -20°C, no need to sterilise.

YEPD yeast growth media

lOg bacto yeast extract, 20g peptone (Difco), 20g D-glucose, water to 1 

litre, pH to 5.8. 20g/litre bacto-agar (Difco) was added for agar plates.
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2.17 BTK  gene primers
Table 2.3 Sequence of primers used for PCR and sequencing

Name Sequence 5’position* Comments

StartF AGCTACCTGCATTAAGTCAGG 76 Bio*

AIF TGTGTTGAAACAGTGGTTCC 319

3F AGAAGAGGTGAAGAGTCCAG 373

NTSH3F AATTCGGATCCATGGGCTGCCAAATTTTGGAG 619 BamHP

849F ATGTATGAGTGGTATTCCAAACAC 964

EX6F CGTCATTATGTTGTGTGTTCCAC 1126

AS5(F) GCAGGCCTGGGATACGGATC 1294 Vetrie et al. 
1993c

BS5(F) CCTGAGGGAGATGCGCCAC 1587 Vetrie et at. 
1993c

A llF CGGAAGTCCTGATGTATAGC 1829

EXIR CTCTTCTCGGAATCTGTCTTTC 379

4R TTTGAGCTGGTGAATCCACC 519

2R C AGG' 1 " n  ’ 1A AG CTTCC ATT C 664

SH3NTR AATCAGAATTCCTTTTTCAGCTCACTTGTGG 787 Ecom^

5R TTTAG CAGTTG CTCAGCCTG 1019 Bio*

847R GAGACACTGGATATTTGAGCCTGG 1267

7R GGTCCTTTGGATCAATTTCC 1336

A8R TCATCTTCAGACATGGAGCC 1454

lOR GGTGAAGGAACTGCTTTGAC 1690

A3R GGAAATTTGGAGCCTACTGAG 1811 Bio*

UR TGTC AG ATTTGCTG CTG A AC 1870

E3R CAAGAAGCTTATTGGCGAGC 2132

ERB2 ATTGAGTGGGAGCACAAAGG 2224 Bio*

'Biotinylated at the 5’ end.
^Enzyme site incorporated into the 5’ end of the primer sequence.
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2.18 Other PCR primers

Table 2.3 O ther PCR primers used in this study

Name Locus Sequence Reference

426F
427R

DXS178 AACTGTGGATCCATTTCTGGCAGG
GAGACCAGTGTGCATCCAGTAAG

M.A.-J. O’Reilly 
personal 

communication

ALEl
ALE3

ALU GCCTCCACCAGTGCTGGGATTACAG
CCACTGCACTCCAGCCTGGG

Cole ef al. 1991

HYAC-C YAC
vector

GCTACTTGGAGCCACTATCGACTACGCGAT P.de Jong 
personal 

communication

GLx6 + 
GLx6-

a  GAL 
exon 6

GGATGCTGTGGAAAGTGGTT
GGCCCAAGACAAAGTTGGTA

J. Davies 
personal 

communication

A1
A2

XgtlO AGCCTGGTTAAGTCCAAGCTG
CTTCCAGGGTAAAAAGCAAAAAG

Patanjali et al. 1991

Cl
C2

XgtlO CCACCTTTTGAGCAAGTTCAG 
GAGGTGGCTTATGAGTATTTC

Parimoo et al. 1991
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CHAPTER 3 

CONSTRUCTION OF YEAST ARTIFICIAL 

CHROMOSOME CONTIG IN PROXIMAL Xq22

3.1 Introduction

At the start of this study, the XLA locus had not been mapped precisely but had been 

localised to the long arm of the X chromosome, at Xq22, by genetic linkage studies 

(Kwan et al. 1986; Mensink et a l 1986; Malcolm et al. 1987; Arveiler et al. 1987; 

Guioli et al. 1989; Kwan et al. 1990). A linkage study completed during the course of 

this study, in this laboratory (Lovering et al. 1993a), identified DXS442 and DXSlOl to 

be new proximal and distal flanking loci, respectively, for the disease with the following 

consensus order of loci: centroinere-DXS3-DXS366-DXS442-(DXS178-DXS265-XLA)- 

DXS101-DXS94-telomere (Barker et al. 1991; Lovering et al. 1993a). The critical 

region in which the XLA locus could lie was therefore refined to a genetic distance of 

2-4cM (Barker et al. 1991). DXS178 was found to have no recombinations with XLA 

in seventy informative meioses and had a cumulative two point LOD score in excess of 

thirty, indicating very close linkage with the disease.

As part of a positional cloning approach to the isolation of the gene responsible for XLA 

in this laboratory, physical mapping techniques had been used to map probes specific for 

loci in Xq22. These studies revealed a number of CpG islands around the DXS178 

locus, suggesting the presence of transcribed sequences (O’Reilly et al. 1992). The 

frequency of rare-cutting enzyme restriction sites in these islands, however, prevented the 

physical linkage of DXS178 with other probes from the region (O’Reilly et a l  1993a). 

In 1992, Allen and Belmont reported the presence of a CA repeat, DXS178 (CA)„, which 

had been identified in a DXS178 positive YAC and was within 200kb of the DXS178 

locus (Allen & Belmont, 1992). DXS265 v/as mapped to within 5kb of DXS178 by 

restriction mapping (Lovering et al. 1993b). Parolini et al. (1993) reported the order of 

these loci around DXS178 to be DXS178-DXS265-DXS178(CA)„, although these loci
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were not orientated relative to other loci in the region.

Using the approximation that IcM genetic distance equals 1Mb physical distance (Hartley 

et ah 1984), the 2-4cM region between DXS442 and DXSlOl equals around 2-4Mb of 

DNA. Yeast artificial chromosomes (YACs) allow the cloning of fragments of foreign 

DNA of up to l-2Mb, and were therefore the most suitable vectors to use to clone DNA 

from a region of this size. The first aim of this study was, therefore, to construct a YAC 

contig across the XLA critical region, using probes specific for the two flanking loci, 

which had been defined by linkage analysis, and the loci around DXS178 to map the 

clones. This approach ran concurrently with a physical mapping study by Angela 

Sweatman, in this laboratory. Using the map of the contig, the second aim of this study 

was to select a YAC which was not chimeric and which covered the central part of the 

critical region for this disease, to use in a screen for candidate genes for XLA.

After the majority of the YAC analysis was complete and cDNA screening using one of 

the identified YACs was underway, the gene for XLA was identified (Vetrie et al. 1993c; 

Tsukada et al. 1993). This locus and two loci found to map very close by {GLA and 

5D8) were incorporated into the map of the YAC contig. The results are included here 

for completion.

3.2 Results

3.2.1 Selection of YACs

YACs were selected on the basis of being positive for probes specific for loci from the 

XLA critical region (DXS442, DXS178 and DXSlOl), starting with DXS178, as this was 

the locus which mapped closest to the XLA locus by genetic linkage analysis. Eleven 

YACs, 178-A to 178-K, were a gift of Dr D.Vetrie, UDMS, London, and were all 

isolated on the basis being positive on an initial screen of the ICRF YAC library using 

a probe specific for DXS178. Primers 426F and 427R (section 2.18) were used to 

generate a DXS178 specific PCR product which was used as a probe on a membrane
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containing these YACs. This probe was found to hybridise strongly to YACs 178-J and 

178-K (Figure 3.1), allowing their positive identification as DXS178 containing YACs. 

These PCR primers and conditions were sent to the Human Genome Mapping Project 

Resource Centre in Harrow, Middlesex to screen the ICI YAC library, resulting in the 

identification of one positive YAC, 9DA6. The other YACs used in this study were 

provided by Dr D. Vetrie and Dr A. Monaco, as detailed in section 2.9.1.

3.2.2 Sizing of YACs

All YACs were analysed by PFGE prior to Southern blot analysis. The sizes of the 

YACs (Table 3.1) were estimated by comparison with S. cerevisae marker or H. wingei 

chromosomes, after hybridisation of the membranes with probes specific for loci found 

in the clones. The DXS178 negative YAC was sized using a vector specific probe, as 

detailed in section 2.9.3. YACs 178-K, 442-A and DXS178 negative appeared to be 

unstable as analysis of DNA from these clones showed smaller bands which probably 

were produced by deleted derivatives of the YAC. An example of a pulsed field gel and 

its Southern blot analysis are shown in Figure 3.2.

3.2.3 Analysis of YACs 178-J and 178-K

YACs 178-J and 178-K were both found to be about 270kb in size (Figure 3.2b and 

Table 3.1). Only one YAC was present in each of the clones as determined by Southern 

blot analysis using probes specific for the YAC vector arms, but 178-K was found to 

have a faint deletion derivative of approximately 200kb. These two YACs were analysed 

by Alu PCR fingerprinting (Nelson et al. 1989) to characterise the cloned DNA. This 

technique involves the PCR amplification of inter-X/w fragments and is described in 

section 1.1.2. The results of this analysis are shown in Figure 3.3. YACs 178-J and 

178-K were found to have identical product patterns suggesting that they were the same 

clone and, therefore, only YAC 178-J was used for further studies. The pattern seen in 

YACs 178-J and 178-K showed some products in common with YAC 9DA6 and no 

products in common with the DXS178 negative YAC. This result indicated that the 

insert contained in YAC 178-J and YAC178-K may overlap with the insert contained in
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Figure 3.1 Secondary screen for DXS178 positive YACs

1 1 2 2 3 3  1 1  2 2 3 3

A B
C D
E F

“  : •  •
K

Dot blot analysis o f YAC DNA hybridised with a DXS178 specific probe. The letters down the side indicate 
the name o f the clone. Numbers along the top indicate independent clones o f  the same YAC, in duplicate.
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Table 3.1 Sizes of YACs used in this study

YAC clone Locus used for 
selection

Approximate 
size (kb)

178-1 DXS178 770

178-2 DXS178 1200

178-3 DXS178 570

178-4 DXS178 250

178-5 DXS178 550

9DA6 DXS178 340

178-J DXS178 270

178-K DXS178 270
200

178-S DXS178 230

178-M DXS178 170

101-2 DXSlOl 1300

101-8 DXSlOl 900

101-5 DXSlOl 470

442-A DXS442 395
300

178 -ve none 200
150

Approximate sizes o f  YACs used in this study, as assessed by PFGE, Southern blot analysis and comparison 
with S. cerevisae  chrom osom es. Two sizes indicate the presence o f  two positive YACs, the smaller one being 
most likely a deletion derivative.
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Figure 3.2 Analysis of YAC clones

(a)
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(b)

1 2 3 4 5 6 7 8

LM

770

*, ,1̂
560 #  -

■ V * -
250

(а) PFGE o f YAC DNA. Tracks are (1) YP148, (2) AB1380, (3) 178-J, (4) 9DA6, (5) 178-1, (6) 178-2, (7) 
178-3, (8) 178-4, (9) 178-5, (10) DXS178 negative control YAC, (11) AB1380 and (12) YP148. 5. cerevisae 
chromosome sizes are indicated by arrows, and (b) Southern blot analysis o f part o f the same gel o f YAC DNA, 
hybridised with a DXS178 specific probe. Tracks are (1) 178-J, (2) 9D A6, (3) 178-1, (4) 178-2, (5) 178-3,
(б) 178-4, (7) 178-5, (8) DXS178 negative. The 560kb band in YAC 178-J was present only in a second DNA  
preparation, indicating that recombination with a yeast chromosome may have occurred during propagation.The 
sizes o f the DXS178 positive YACs are indicated by arrows. LM iiulicates limiting mobility.
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YAC 9DA6, as would be expected as they were both selected using the same probe, and 

that neither o f these YACs appeared to overlap with the DXS178 negative control YAC.

Figure 3.3 Results of Alu PCR fingerprint analysis of YACs 178-K and 178-J.

1 2 3 4 5 6 7

1000

517

298

Gel shows (1) Ikb ladder size markers, (2) 178-K, (3) 178-J, (4) 9DA6, (5) DXS178 negative control YAC,
(6) S.cerevisae AB1380 DNA, (7) no DNA control. Sizes o f selected Ikb ladder bands are given in bp.

3.2.4 Sequential hybridisation of probes to YACs 

3.2.4.1 Analysis using DXSlOl

The DXSlOl specific probe cX52.5 recognises five copies of a particular sequence, all 

copies of which map to Xq21.3-Xq22, and one of which contains a polymorphic Mspl 

site (Hofker et al. 1987). This polymorphism has been used in genetic linkage studies 

on XLA families and found to be the distal Hanking marker for the XLA locus (Vetrie 

et al. 1993c). In order to make this probe more useful in genetic and physical mapping 

studies, single copy fragments were isolated from the cX52.5 plasmid and from two 

CX52.5 positive cosmids, as detailed in O ’Reilly cr r//. (1993b). GPS is a \ .\kb Sall/Pstl 

fragment isolated from the cX52.5 plasmid and was found to map between 460-540kb 

distal to DXS178 (O’Reilly et al. 1993b). Probe B1.4 is a 1.4kb BamUl fragment 

isolated from a DXSlOl positive cosmid, which was found to recognise the Mspl
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polymorphism and to give a much cleaner signal than the whole cX52,5 plasmid, making 

it useful for genetic linkage analysis (O’Reilly et al. 1993b). A 700bp BarriHl fragment 

isolated from the same cosmid was subcloned and sequenced, enabling the design of PCR 

primers (O’Reilly et al. 1993b) which could be used to amplify a 550bp product (B550). 

This copy of DXSlOl maps near the proteolipid protein (PLP) locus which is distal to 

DXS178 and XLA (O’Reilly et al. 1993a). A report published since the completion of 

this study (Vetrie et al. 1993b) has confirmed this data and mapped the B550 copy of 

DXSlOl approximately 300kb distal to DXS24, and approximately 2Mb distal to 

DXS178. DXSlOl specific probes GPS and B1.4 were used in hybridisations with the 

YACs in this study.

3.2.4.2 Results of hybridisations

YAC DNAs were initially studied by Southern blot analysis using six probes specific for 

the loci in the region between DXS366 and DXSlOl (DXS366, DXS442, DXS178, 

DXS265, DXSlOl (GPS) and DXSlOl (B1.4), as detailed in Appendix I), and by PCR 

at the DXS178(CA)„ locus (Allen & Belmont, 1992). An example of Southern blot 

analysis using a probe specific for DXS178 is shown in Figure 3.2a and a summary of 

the results are shown in Table 3.2. After this study had been completed, the gene for 

XLA was isolated {BTK) and loci mapping very close to the gene (5D8, GLA) were 

described (Vetrie et al. 1993c). These loci were included in this analysis to enable a 

more complete physical map of the YAC contig to be created, and the results are 

included here for completion.

The study of YACs 178-1 and 178-2 allowed the unambiguous orientation of three loci, 

DXS178, DXS265 and DXS178(CA)„ which had been ordered but not mapped relative 

to other markers in Xq22 (Parolini et al. 1993). The presence of the DXS178 (CA)^ 

locus in YAC 178-1 and its absence from YAC 178-2 enabled DXS178-DXS265- 

DXS178(CA)n to be orientated, with DXS178 being the most proximal (Table 3.2). The 

following order of loci could be assigned: cen-DXS442-DXS178-DXS265-DXS178(CAX- 

DXSlOl-tel, with the XLA locus lying between DXS442 and DXSlOl.
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YAC 178-2 was positive for all the loci contained within the region from DXS366 to 

DXS265 (Table 3.2), so it could be concluded that the physical distance between these 

two loci is less than the length of the YAC, i.e. 1.2Mb. Since YACs can be unstable, 

however, and only one YAC spanned these loci, this data could not be considered 

definitive. A requested screen of the ICRF YAC library using a DXS442 specific probe 

identified only an unstable clone (442-A) of approximately 400kb. This was found to be 

only positive for DXS442 and could not therefore confirm the physical distance between 

any of the loci. All YACs were negative for the loci which flank this region - DXS94 

(D.Vetrie, personal communication) and DXS3 (results not shown).

This analysis showed that the contig covered the region from DXS366 to DXS178, but 

it could not be shown that these YACs overlapped with any of the DXSlOl positive 

YACs using these probes. Further probes, and possibly further YACs, would be 

required to complete the contig of the XLA critical region.

The subsequent inclusion of 5D8, BTK and GLA loci in the mapping of this contig 

showed that YAC 178-5 must contain a deletion, as it was found to be negative for GLA 

but positive for both the known flanking loci, BTK and DXS178. The definitive order 

of these three loci had been demonstrated by physical mapping (Vetrie et al. 1993a; 

Vetrie et al. 1993c).

3.2.5 Generation of YAC insert end probes

In order to link the YACs across the region between DXS178 and DXSlOl, it was 

necessary to generate end probes from the YAC inserts, either to show overlap or to 

initiate a screen for more clones. The method selected to do this was vectorette PCR 

(Riley et al. 1990). This technique requires the YAC DNA to be digested with a 

restriction enzyme and ligated to a vectorette, creating a vectorette library. The 

vectorette consists of a long pair of oligonucleotides (52bp plus overhang for ligation to 

a restriction enzyme cut "sticky end" if required) which are only homologous at each end 

(for 11 or 12 bp). When the oligonucleotides are annealed to one another, a 

characteristic bubble is created. All fragments of the YAC DNA are therefore present
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Table 3.2 Summary of the results of Southern blot analysis of YACs with Xq22 
specific probes

YAC DXS
366

DXS
442

*
5
D
8

*
B
T
K

*
G
L
A

DXS
178

DXS
265

178
(CA).

DXS
101
GPS

DXS
101

B1.4

178-1 - - 4- 4- + 4- 4- 4- - -

178-2 4- -H 4- 4- 4- 4- 4- - - -

178-3 - - 4- 4- -P 4- -b 4- - -

178-4 - - - - - -h 4- - - -

178-5 - - 4- 4" - 4- -h 4- - -

9DA6 - - 4- 4- -h 4- 4- 4- - -

178-J - - - - 4" -H 4- 4- - -

178-S - - - - - 4- 4" - - -

178-M - - - - - 4- - - - -

101-2 - - - - - - nd - 4- 4-

101-8 - - - - - - nd - 4- 4-

101-5 - - - - - - nd - 4- 4-

442-A - + - - - - nd - - -

178-ve - - - - - - - - - -

+  indicates a positive signal, - indicates no signal and nd indicates not determined. Probes specific for the loci 
indicated w ere as listed in section 2 ,9 .5 . * indicates data produced after the BTK  gene had been identified, but 
included here for completion.
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in the library, with attached vectorette. In order to amplify specifically the insert DNA 

adjacent to the YAC vector sequence, i.e. the end of the YAC insert, the vectorette 

library is used in a PCR, with one primer homologous to the YAC vector sequence, and 

a second primer with sequence identical to the central part of the vectorette bubble. The 

template for the second primer can only be produced when the first strand synthesis from 

the YAC vector primer has been completed. Thus, only the DNA between the vectorette 

and the YAC vector sequence can be amplified, creating YAC insert end probes. After 

PCR amplification, the vector fragment could be removed by EcoRl digestion (left end 

227bp, right end 174bp) to yield an insert specific probe.

End probes were generated from the YACs 178-1 and 178-2 using vectorette PCR on 

Rsa\ and Haelll vectorette libraries. A summary of the results is shown in Table 3.3.

3.2.6 Identification of overlapping YACs using the end probes

The end probes were used in Southern blot analysis of all the YACs, to identify overlaps, 

and of somatic cell hybrid cell line DNA (AnLy (Zonana et al. 1988)). This cell line 

contains DNA from Xql2-qter as its only human DNA component, and therefore allows 

analysis of the genomic origin of the end probes. If the end probes are derived from this 

region of the X chromosome, it can be considered unlikely that the YACs were chimeric. 

The results of the hybridisations using the YAC end probes are summarised in Table 3.4. 

The results which indicated the YACs overlap are shown in Figure 3.4. The right hand 

end probe generated from the insert of YAC 178-1 (from the proximal end of the YAC 

insert DNA) hybridised to YAC 178-2, confirming the Southern blot analysis data which 

showed that the inserts in these YACs overlap. This right hand end probe did not 

hybridise to DNA from any of the other YACs.

The data shows that the probe generated from the left hand end of YAC 178-1 (at the 

distal end of the YAC insert) hybridised to YACs 101-2 on Southern blot analysis, 

indicating that these YACs overlap. This shows that by overlapping with YACs 178-2 

and 101-2, YAC 178-1 completes the contig spanning the XLA critical region from 

DXS442 to DXS 101. The data also shows that probes generated from both the right and
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Table 3.3 Summary of YAC end probes generated by vectorette PCR

YAC End Library Size of PCR 
product (bp)

Size of 
probe (bp)

178-1 right Rsal 400 225

178-1 left Rsal 900 675

178-2 right Rsal 800 625

178-2 left Haelll 350 125

The YAC vector arm containing the ARS and centromeric sequences has been defined as the left arm and the 
arm without these sequences has been defined as the right arm. Sizes were estimated on an agarose gel using 
Ikb ladder DNA markers. Library names indicate the enzyme used in the creation o f  the vectorette library. 
The PCR product includes YAC vector sequences, which can be removed by digestion with fco R I  to g ive the 
probe.

Table 3.4 Summary of analysis of Xq22 YACs using YAC 178-1 and 178-2 insert 
end probes

YAC End YACs with positive 
hybridisation result

Hybridisation to 
AnLy

178-1 right 178-1 and 178-2 
(Figure 3.4)

repetitive

178-1 left 178-1, 101-2,(Figure3.4) 
178-3, 178-5

repetitive

178-2 right 178-2 negative?

178-2 left 9DA6, 178-S, 178-J, 178-1, 
178-2, 178-3, 178-4, 178-5

positive

End indicates vector orientation o f YAC as detailed in the legend to Table 3 .3 . The presence o f  a band in the 
YAC D N A , which was absent in the negative control YAC DNA and the YAC host AB1380 D N A , was taken 
as a positive hybridisation signal. In some cases, YAC vector specific bands were found in all tracks containing 
YAC D N A , and these were discounted. This could be due to vector sequence contamination o f  the probe.
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Figure 3.4 Southern blot analysis using the YAC end probes

(a) (b)

1 2  3 1 2  3

1.2

Results o f  Southern blot analysis w ith (a) EcoRI digested D N A  and using the YAC 178-1 right hand end probe, 
tracks contain (1) YAC 178-3 , (2) Y AC  178-2 and (3) YAC 178-1, and (b) M spl digested D N A  and using the 
YAC  178-1 left hand end probe, tracks contain (1 )101-5 , (2) 101-2 and (3) 178-1. Approxim ate fragm ent sizes  
are given in kb, m easured against X H in d lll s ize  markers.

left ends of YAC 178-1 hybridise to other YACs in the contig, suggesting that this YAC 

is not chimeric. These probes were fairly repetitive on human DNA and AnLy DNA, 

and the results of Southern blot analysis were unclear (results not shown).

The left hand end probe generated from the insert of YAC 178-2 (from the distal end of 

the insert) was found to hybridise to many other YACs in the contig and the somatic cell 

hybrid line AnLy, but not to the parent cell line RAG, confirming that this end originates 

from Xq. The right hand end probe of YAC 178-2 (from the proximal end of the insert) 

only hybridises to itself, and not to any of the other YACs in the contig. The probe 

hybridises strongly and non-specifically to human genomic DNA and it was not possible
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to determine if it specifically hybridised to the AnLy cell line DNA. It could not, 

therefore, be excluded that this YAC was chimeric. These probes were found to be small 

and contained repeat sequences and were therefore not useful in the physical mapping of 

cell line DNA (A.Sweatman, personal communication).

These results have shown, therefore, that YACs 178-2, 178-1 and 101-2 overlap and 

form a contig spanning at least 2.5M b and covering the complete XLA critical region 

between DXSlOl and DXS366 as shown in Figure 3.5. In addition to these three YACs, 

eleven smaller YACs were found to contain DNA from around DXS 178, DXS442 and 

DXSlOl and these were mapped relative to these loci and the other YACs.

3.2 .7  Further analysis and orientation of probes mapping to YAC 178-2

PFGE and Southern blot analysis of cell line DNA in this laboratory did not show 

physical linkage between DXS442 and DXS 178 (Sweatman et al. 1994), and therefore 

YAC 178-2 provided the only evidence that they could be physically linked. Other 

clones covering this region would be required to confirm this observation. As the only 

DXS442 positive clone isolated from the ICRF library did not extend distally to DXS 178, 

it was decided to generate a restriction map of the YAC 178-2 to allow comparison with 

the physical map of the area. Using the information from YAC 178-2, DXS442 and 

DXS178 must be less than 1.2Mb apart.

In order to characterise YAC 178-2 further and to refine the distance separating DXS442 

and DXS 178 therefore, the YAC DNA was partially digested with the restriction enzymes 

B55HII and ^ 1 ,  and a restriction map produced. B jjH ll and ^ 1  were chosen for this 

analysis because they had both been used extensively in mapping studies o f the area and 

^ 1  was known to cut between DXS366 and DXS442 (Sweatman et al. 1994). It is 

difficult to compare restriction maps of YAC DNA with maps of human cell line DNA 

because yeast DNA is not methylated, and therefore many of the méthylation sensitive 

enzymes which are rare cutters in cell line DNA cut much more frequently in DNA 

which has been replicated in yeast. Restriction digestion with Sfil is not dependent on 

méthylation however and therefore the data may be more comparable with the cell line

92



Figure 3.6 Representation of YAC contig across the XLA critical region from DXS442 to DXSlOl

DXS
cen 366 DXS442

GLA DXS178 
DXS265 DXSlOl tel

F F
178-2

PP FF SS F F B B

101-2

442-A 178-1

178-3

178-4

101-5

101-8

178-5

500kb

9DA6

178-M

178-S
178-J

S

Schematic representation of YAC contig. YAC sizes are given in Table 3.2. Physical map as in A.K. Sweatman (1994). Only restriction fragments 
flanking the loci are shown. Gaps in YAC 178-5 and dashed lines in YAC 178-2 indicate regions of deletion. YAC 101-2 not drawn to scale. F = Sfil, ? 
= Pvul, B = BssHU and S = Sacll.



DNA mapping data. Restriction enzyme analysis of YAC 178-2 should also confirm the 

orientation of DXS366 and DXS442, with respect to the centromere and telomere, as 

their order relative to other Xq22 markers had been defined by a single recombination 

between DXS366 and XLA in an affected family (Barker et al. 1991), and they had not 

been physically orientated.

The complete and partial restriction fragments generated from YAC 178-2 were studied 

by Southern blot analysis using probes specific for loci known to be present in this YAC, 

the vector specific sequences and, after the BTK  gene had been identified, for the genes 

BTK  and GLA. The map was generated as the best fit of the data, incorporating what 

was known about the physical map of the region and maintaining consistency between the 

two sets of data. A 10% margin of error was allowed when adding up fragment sizes. 

An example of the Southern blot analysis is shown in Figure 3.6 and all the data is given 

in Appendix III. The restriction map is shown in Figure 3.7, with restriction fragments 

relevant to the discussion indicated.

The data showed that DXS366 and DXS442 could be linked on a 160kb Sfil fragment and 

a 155kb BjjH II fragment. These distances are compatible with, and indeed slightly 

reduce, the 280kb maximum distance between these two loci on the physical map 

produced in this lab (Sweatman et al. 1994) using human cell line DNA. The presence 

of a 405kb .^T fragment positive only with the right hand end probe suggested that 

DXS366 must be further than 405kb from the right hand end. DXS366 and DXS442 

could be linked to the right hand end probe on a 565kb B jjH II fragment. DXS442 could 

be linked to the left hand end of the YAC on a 370kb BssYlll fragment and DXS442 and 

BTK  were linked on a 405kb Sfil fragment. BTK  and 5D8 were linked on a 30kb 

fragment and both o f these loci were linked with GLA on 40kb and 105kb Sfil

fragments. All three loci were linked to the left hand end of the YAC on 155kb 

and 155kb ^ 1  fragments. These fragment sizes are compatible with the physical map 

of this region produced in this laboratory (Sweatman et al. 1994), which suggested that 

BTK  and the GLA loci were linked on a lOOkb AyjHII fragment. 5D8 is now known to 

map within 7kb o f BTK  (Vorechovsky et al. 1994).
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Figure 3.6 Example of Southern blot analysis of YAC 178-2 partially digested with 

and SJÎI

1 2 3 4 5 6 7 8 9 10 11 12 13 14

550

441

351

276

213

92

Southern blot analysis o f  PFGE o f  YAC 178-2 D N A , hybridised with a D X S442 specific probe. Tracks contain 
(1) S. cerevisae  Y P148, (2) Rv.sHIl com plete digest (15U ), (3) Sfi\ com plete d igest (1 5U ), (4) Blank, (5) Y P148, 
(6) Blank, (7) S. cerevisae  A B 1380, (8) iB.y.vHIl ( lU ) , (9) fi.s.vHII (0 .3 U ), (10) (O .IU ), (11) Sfil ( lU ) ,
(12) (0 .3 U ), (13) .^T (0. lU ) and (14) Y P148. S izes o f  S. cerevisae  Y P 148 chrom osom es are g iven  in kb.
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Figure 3.7 and Sfil restriction fragment map of YAC 178-2
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Enzyme sites are shown as BssHU (B) and Sfil (S). Key partial digest fragments are shown. The YAC right hand (RH) end lies proximal and the YAC 
left hand (LH) end lies distal. All fragment sizes are given in Appendix HI.



The restriction map of 178-2 between DXS442 and BTK  generated by these partial digests 

is incompatible with the physical map of the region. The distance between BTK  and 

DXS442 must be 1Mb or greater as there is a Pvul site 400kb distal to DXS442 and 

another 600kb proximal to BTK  (Sweatman et al. 1994). These two loci could not be 

linked by physical mapping even on Pvul partial digests, whereas the maximum predicted 

physical distance between DXS442 and BTK  from partial digestion o f YAC 178-2 is 

295kb. It must therefore be concluded that this YAC has a deletion of at least 705kb in 

between DXS442 and BTK  and it cannot therefore be used to create a representative 

physical map of this region.

3.3 Discussion

3.3.1 A YAC contig spanning the XLA critical region

During this study, fourteen YACs were analysed using eleven probes specific for loci 

from the region spanning from DXS366 to DXSlOl and were mapped into a contig which 

appeared to span the XLA critical region, from DXS442 to D X SlO l. Only one YAC 

(178-2) contained DNA from the region from DXS442 to DXS 178 and further analysis 

indicated that this YAC did not faithfully represent the genomic DNA from that region. 

The flanking markers for the XLA critical region could not therefore be physically linked 

using the YACs from this study. Eight of these YACs (178-M, 178-S, 101-5, 101-2, 178- 

K, 178-J and 442-1) have since been published as part of a 6.5M b YAC contig in Xq22 

(Vetrie et at. 1994), confirming the data presented here.

3.3 .2  YAC 178-2 has an interstitial deletion

Further analysis o f YAC 178-2, which contained DNA from DXS366 to DXS 178, 

showed that the restriction map generated was not compatible with the known physical 

map o f the region and it had to be concluded that there had been a deletion of at least 

700kb from the central region of this YAC. The deleted region did not include any of 

the markers known to map to this region and was from the area between DXS442 and
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5D8. The right hand end probe from YAC 178-1 would have been a useful marker to 

use in this analysis, but due to the instability o f the vectorette library, it was not possible 

to generate more of this probe. The physical distance between DXS442 and DXS 178 is 

not known, but must be 1Mb or greater (Sweatman et al. 1994). YACs have been found 

to have internal deletions in other studies (Foote et al. 1992; Palmieri et al. 1993), and 

it is thought that the deletion is produced by a transformation induced process. Care 

must be taken in all studies using DNA isolated in YACs to ensure that the clone is a true 

representative of the genomic DNA.

3.3 .3  Physical mapping around the XLA region

A large number of CpG islands have now been identified in this region (O ’Reilly et al. 

1992; O ’Reilly et al. 1993a; Vetrie et al. 1993a; Vetrie et al. 1993b; Sweatman et al. 

1994), each of which may be associated with a gene. Due to the number o f restriction 

sites mapped in the un methylated YAC DNA, it was not possible to identify each 

particular island in YAC 178-2. The mapping of this contig has allowed the orientation 

of the DXS178-DXS265-DXS178(CA)„ group of markers with respect to the centromere 

and telomere, with DXS 178 being the most proximal marker. The proximal location of 

DXS366 with respect to DXS442 has also been confirmed. The restriction map of 178-2 

has produced smaller minimum distances than had been determined by previous physical 

mapping studies between DXS366 and DXS442 and between 5D8, BTK  and GLA. As 

this data is from a single YAC already known to have a deletion, confirmation of the 

distances from another source is needed before these smaller distances can be considered 

as definitive. Each of these results, however, contributes to a more accurate map of this 

part o f Xq22. The generation of new probes from the ends of the YAC inserts provides 

the starting point for a screen for further YACs from this region, which would enable 

these data to be confirmed and increase the coverage of the contig between DXS442 and 

BTK. Further mapping studies of Xq22 have since been published (Vetrie et al. 1994; 

Vetrie et al. 1993b), and these are in agreement with the data presented here. DXS442 

and DXS 178 still have not been physically linked and the true extent o f the region 

remains unknown. Several disease loci have been genetically mapped to this region, 

including X-linked megalocornea (Bleeker-Wagemakers et al. 1991) and FG syndrome
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(Zhu et al. 1991), and a number of cDNA clones have been isolated from around 

DXS 178 (Vorechovsky et al. 1994). Further analysis of this region of Xq22 will be 

required to map and characterise these loci.

3 .3 .4  Identification of a YAC clone to initiate a cDNA screening study

This mapping study showed that YAC 178-1 was 770kb in length and was not chimeric. 

This YAC mapped to the central portion of the XLA critical region and contained the 

DXS 178 locus, which was known to be very tightly linked with the disease. This YAC 

was therefore chosen to initiate a cDNA screen for candidate genes for XLA using a 

cDNA selection approach.
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CHAPTER 4 

THE DIRECT cDNA ENRICHMENT APPROACH TO 

THE ISOLATION OF CANDIDATE GENES FOR XLA

4.1 Introduction

The identification o f transcribed sequences from a defined genomic region is still the rate 

limiting step in any positional cloning approach to the identification of a particular gene. 

Selecting transcribed sequences from a cDNA library with a genomic clone from the 

region o f interest appears to be the most successful method, although this relies on using 

a cDNA library made from a tissue where the gene is known to be expressed. The ease 

of identification of a gene is dependant on the abundance o f the transcript in question in 

the cell. The isolation of rarer transcripts, which may be present at only IxlCf*  ̂ of total 

transcripts, is technically difficult, although normalised cDNA libraries have been 

developed in which relative cDNA levels are equalised (Patanjali et al. 1991; Takahashi 

& Ko, 1994).

At the time of this study, direct screening of gridded cDNA libraries, using YACs 

containing DNA from the region of interest as probes, had been used successfully to 

identify genes from defined chromosomal regions (Wallace et al. 1990; Elvin et al. 

1990). Recently, greater sensitivity of selection has been obtained using cDNA 

enrichment techniques with a YAC immobilised either on nylon membrane (Parimoo et 

al. 1991; Lovett et al. 1991) or using magnetic bead technologies with the 

streptavidin/biotin capture system (Morgan et al. 1992; Korn et al. 1992). These 

enrichment techniques have been shown to increase the number o f copies o f the cDNAs 

encoded in the YACs found in the final selected pool from between 1000 fold, using one 

round of enrichment, and 7000 fold, using two rounds o f enrichment, with membrane 

immobilisation (Lovett et al. 1991; Parimoo et al. 1991), to 100,000 fold enrichment 

using two rounds o f enrichment using the biotinylation method (Morgan et al. 1992).
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As these techniques rely on the specificity of hybridisation for their success, steps must 

be taken to prevent repeat sequences interfering with the selection procedure. 

Approximately 70% o f the human genome is single copy, with the rest being comprised 

o f repetitive sequences (reviwed in Lewin, 1993). Tandem repeats can be separated into 

satellite sequences (up to several megabases of repeated sequence making up the bulk of 

the heterochromatin), mini satellite sequences (smaller blocks o f repeated sequence, found 

dispersed throughout the nuclear genome and making up telomeric sequences) and 

microsatellite sequences (monotonie runs, dinucleotide and trinucleotide repeats found 

throughout the genome). Other repetitive DNA sequences found in the human nuclear 

genome are the interspersed repeats. These can be divided into short interspersed nuclear 

elements (SINEs), of which the most conspicuous example is th e /l/«  family, and the long 

interspersed nuclear elements (LINEs), of which the Kpn repeat family is an example. 

A significant number of expressed sequences in cDNA libraries are thought to contain 

repeat sequences, some o f which are translated, found in unspliced messages or found in 

the 3 ’ untranslated region (Crampton et al. 1981). Finally, yeast DNA contains tandem 

ribosomal sequences and this is thought to interfere with cDNA selection procedures as 

often some yeast genomic DNA is purified along with the YAC. This has been reported 

to result large proportions of selected cDNAs having ribosomal origin (Morgan et al. 

1992; Fan et al. 1993). All of these types o f repeat sequence can produce 

insurmountable background problems in cDNA selection studies, as the technique relies 

on the specificity o f hybridisation for its success. Preannealing using human and yeast 

DNA can prevent some of these repeats contributing to the hybridisation reaction but 

some low level repeats will still be present. One study has reported the use o f blocking 

of the genomic DNA before selection (Parimoo et al. 1991), while another reported the 

blocking of the cDNA library itself (Lovett et al. 1991).

The critical region containing the XLA gene had been defined as a 2-4cM region between 

DXS442 and DXSlOl by genetic linkage analysis (Lovering et al. 1993a). Mapping of 

YACs (Chapter 3) indicated that the physical distance between these two markers was 

approximately 2.5M b or less, but it was not known at this time that YAC 178-2 most 

probably had an internal deletion. YAC 178-1 was sized at 770kb and thought not to be 

chimeric. This YAC mapped to the central region of the XLA critical area and contained
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the DXS178 locus, which was known to have no recombinations with the XLA locus in 

over 70 informative meioses. On this basis, YAC 178-1 was chosen to screen a cDNA 

library with the aim of isolating candidate genes for XLA. Since the molecular defect 

in XLA appears to arise at the pre-B cell stage of B cell development (section 1.4.4), a 

Naim 6 pre-B cell cDNA library was used. The use o f magnetic bead technologies for 

this type o f technique had not been extensively documented prior to this study, but 

preliminary studies appeared to indicate that it was effective (Dr F. Cotter, ICH, London, 

personal communication). The blocking and washing conditions used were based on a 

previously reported membrane immobilisation method (Parimoo et aL 1991).

4.2 Results

4.2.1 Selection of cDNAs

YAC 178-1 was photobiotinylated and the Naim 6 cDNA library was hybridised to the 

YAC as described in section 2.10. Three different sets of prehybridisation conditions 

were used ( 1 , 2  and 3, see section 2.10.3), incorporating varying amount o f yeast and 

human blocking DNA. Selected cDNAs from all three hybridisation conditions were 

amplified using two rounds of PCR with nested primers, A1 and A2, and C l and C2 

(section 2.18), using standard PCR conditions (Section 2.4.2) and an annealing 

temperature of 58°C. The amplification resulted in a smear of DNA between 500 and 

lOOObp as detected on an agarose gel (results not shown).

4.2 .2  Subcloning of PCR amplified selected cDNAs

The PCR amplified selected cDNAs were subcloned into Bluescript KS plasmid as 

described in section 2.10.6, at a transformation efficiency of 6.92x10^ transformants/^g. 

The X-Gal system (see section 2.10.9) allowed the selection o f a total o f 200 white 

recombinants, which were then plated out in duplicate onto gridded filters, with reactions 

1, 2 and 3 being gridded out onto plated 4, 5 and 6 , respectively, and grown on selective 

media, as described in section 2.10.9.
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4.2 .3  Primary screening of recombinants

Filters on which the 200 recombinants had grown were prepared for hybridisation 

(Buluwela et al. 1989), and hybridised with YAC178-1 DNA, in order to determine if  

the selected cDNAs hybridised to YAC insert DNA, and with radioactively labelled 

selected cDNA, to establish the copy number of the clone in the selected library. Out 

of the 95 recombinants which grew on the selective media and which were white, 

indicating an insert, 18 hybridised only with the YAC DNA, 30 only with the labelled 

cDNA and 47 hybridised with both. An example of the autoradiographs o f the filters is 

shown in Figure 4.1. At this stage there did not appear to be any difference in the 

recombinant colonies originating from the cDNAs selected in the different hybridisation 

reactions. From these 95 colonies, 48 were initially selected for further analysis. These 

were picked so as to include a range of strengths and combinations of positive 

hybridisation; 13 hybridised to the YAC only, 12 hybridised to the selected cDNA only 

and 23 hybridised to both. The hybridisation results o f the 48/95 recombinant colonies 

selected for a secondary screen are shown in Table 4.1. The results of the remainder are 

not shown.

4 .2 .4  Secondary screening of recombinants

The inserts in these 48 recombinants were then analysed as described in section 2.10.12. 

Approximate sizes of inserts are given in Table 4.1. An example of a minigel showing 

digested recombinant plasmids is shown in Figure 4.2.

4 .2 .5  Analysis of inserts

The inserts from the recombinant plasmids were systematically gel purified and 

hybridised to yeast (AB1380), YAC DNA and human DNA and to the other gel purified 

inserts, by Southern blot analysis. The results are given in Table 4.2 and examples o f 

the autoradiographs are shown in Figure 4.3. The inserts from 16 recombinant plasmids 

were analysed before this work was terminated.
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Figure 4.1 Examples of hybridisations using the gridded colony filters
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Exam ples o f  autoradiographs o f  co lon y  filter 5 hybridised with (a) radiolabelled YAC 178-1 D N A  and (b) 
radiolabelled selected cD N A . C olon ies w ere named according to filter number (4 , 5 or 6) and grid reference 
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Figure 4.2 Example of minîgel of EcoRI digested recom binant plasmid preparations 

showing subcloned inserts
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N am es o f  recom binants as described in legend to Figure 4. 1 .  S izes o f  selected Ikb ladder bands are given in 
bp. U  indicates uncut plasm id. Ikb indicates marker track.
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Table 4.1 Summary of primary screening hybridisation results o f the 48 colonies 
selected for the secondary screen, and their approximate plasmid insert size

Colony
ref.

Hybridisation 
with 

YAC cDNA

Approx. 
size of 
insert

Colony
ref.

Hybridisation 
with 

YAC cDNA

Approx. 
size o f 
insert

4X7 4- + + 300 5G4 4- 4- + 300

4X10 + + + + 350 5G5 - 4- 4- 400

4Y2 + + - 250 5H3 4- 4- 350

4Y3 + - 250
400

5H9 4- 4- 4- 200

4Y6 + + + 270
350

514 4- - 450

4A3 - + + 270 5J9 4- 4- 600

4B6 + + + 450 5K6 4- 4- 4- 300

4B7 + - 450 5L2 4- 4- 4- 4- 200

4C1 - + + 200 5L9 4- 4- 4- 4- 600

4C2 - 4—h 370 5M7 4- 4- 4- 400

4D3 - 4- 4- 240 6Y4 4- 4- 200

4F5 + - 270
220

6Y5 4- 4- 4- 350

4F7 + - 300 6Y7 4- 4- 4- 350

415 - 4- 240 6A5 - 4- 4- 400

5B7 +  + - 350 6B1 4- - 600

5C3 +  4- - 350 6B3 4- 4- 200

5C10 +  + 4- 300 6B4 4- 4- 4- 4- 490

5D7 - 4- 4- 270 6B5 4- 4- 4- 4- 270
170

5E3 + 4- 350 6C1 4- +  4- 450

5E5 + 4- 4* 400 6E4 4- - 400

5E6 + 4- 4- 300 6F3 4- 4- 4- 190

5E9 + + 4- 300 6G2 4- 4- - 500

5F3 + - 300 6G4 4- 4- 4- 250

5F11 + + - 300 6G6 4- 4- 4- 4- 450

+ indicates positive signal, + +  indicates very strong signal and - indicates no signal. Approximate insert sizes are given in bp. 
Colony reference is as described in the legend to Figure 4.1
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These results show that insert 6E4 was the only cDNA analysed which appeared to 

hybridise to relatively unique human DNA sequences (eight restriction fragments could 

be seen) and to the YAC. Inserts 4 Y325o, 4 Y34oo, 5B7, 5J9, 5K6, 5L9 and 6B1 contain 

highly repetitive sequences, as they all hybridise extensively and non-specifically to total 

human DNA. These repetitive sequences may have resulted in these cDNAs hybridising 

to the YAC. Four other inserts (4X7, 5M7, 6G6 and 4F7) hybridised to a low number 

o f restriction fragments in human DNA but did not appear to hybridise specifically to the 

YAC, whereas two other inserts (4D3 and 5G5) did not hybridise to either human DNA 

or the YAC.

Insert 4 Y325o is an example o f an insert which was found to be highly repetitive (Figure 

4.3a). This insert hybridised to multiple other inserts, and strongly and non-specifically 

to both the YAC DNA and human DNA. Many of the inserts which hybridised to 4 Y325o 

also hybridised to 4 Y34oo, suggesting that these inserts were part of the same repetitive 

sequence and were not the result of a coligation event in the preparation o f the cDNA 

library.

Insert 4F7 is an example of a cDNA found to hybridise specifically to human DNA (one 

restriction fragment), but which did not hybridise to the YAC (Figure 4.3b), suggesting 

that this insert may be derived from a gene which is not located in the genomic region 

contained in the YAC. This clone was not, therefore, specifically selected in this 

procedure. The other inserts which were positive with 4F7 are not ones which appear 

frequently in the list of other subcloned cDNAs hybridising to labelled inserts, suggesting 

that this insert may contain a low copy number repeat.

Insert 6E4 was the only cDNA which hybridised to a limited number o f restriction 

fragments in human DNA (although eight fragments were seen) and to the YAC DNA 

(Figure 4.3c), suggesting that this cDNA may have been selected because the gene from 

which it is derived, or a homologous gene, is contained in the YAC. This insert did not 

hybridise to any of the other 48 secondary screen inserts. In the primary screen, this 

insert hybridised to the YAC DNA but not to the labelled cDNA which confirms the 

suggestion that it was transcribed at a low level in this cell line.
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Insert 5M7 hybridised to a single band in human DNA, but not to the YAC (results not 

shown). During the analysis of this cDNA, the labelled insert was hybridised to a 

Southern blot containing 4XY, XX and XY human DNA and to the somatic cell hybrid 

AnLy which contains part o f the human X chromosome (X ql2 to Xqter) as its only 

human DNA on a murine background (Figure 4.4a). This insert hybridised to a single 

fragment in the human DNA and to a larger fragment in the AnLy DNA. When the blot 

was washed at increased stringency, this larger fragment in the AnLy DNA could no 

longer be seen (Figure 4.4b). This suggested that the 5M7 cDNA was hybridising to the 

murine homologue o f the gene encoding this cDNA.

4 .2 .6  The identification of the gene responsible for XLA

During this study, a strong candidate gene for XLA, BTK^ was found by D r David Vetrie 

(Guy’s Hospital, London) (Vetrie et al. 1993c), using cDNA selection techniques. Vetrie 

et al. used direct selection of a cDNA library, made from an EBV positive Burkitt’s 

lymphoma cell line, using a 640kb YAC which mapped to the XLA critical region 

immobilised on a nylon membrane. Mapping studies had localised the or galactosidase 

locus {GLA) to 70-140kb proximal of DXS178, the locus most closely linked with XLA 

(Vetrie et al. 1993a). As the 640kb YAC was positive for both the DXS178 and GLA 

loci, the GLA gene could be used as a positive control. This YAC was gel purified and 

immobilised on a nylon membrane before being hybridised with the cDNA library. The 

presence o f the GLA gene on the YAC enabled the success of the cDNA enrichment 

procedure to be followed throughout the manipulations. The GLA cDNA was found to 

be enriched three-hundred fold after a single round of selection. The selected cDNAs 

were subcloned and automated griding facilities enabled 1536 colonies with inserts to be 

analysed. 104 o f these subcloned cDNAs hybridised to thirteen cosmids from across the 

region and could be assigned to twelve groups. Southern blot analysis using one these 

groups of cDNAs showed genomic alterations in eight out of thirty-three XLA patients, 

including five showing genomic deletions o f part or all o f the gene, two o f which 

appeared to be intragenic deletions. Sequencing identified two patients with point 

mutations. No alterations were found on Southern blot analysis o f 150 normal X 

chromosomes. These results indicated a link between this group o f cDNAs and the gene
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Table 4.2 Summary of Southern blot analysis using plasmid inserts as probes

Colony
ref.

YAC Yeast Human Other subcloned cDNAs

4A3 - - 4-/-smear 0.5 X SSC: 4C1, 4E2, 4E10, 4G1, 4X7, 5C3, 
5C5, 5E5, 5E6, 5G4, 5H7, 516, 5K2, 6B5, 
6F3, 6G2, 6G6, 6H2, 6H3, 6J3, 6J4, 6Y4

4D3 - - - 0.5 X SSC: 4B1, 4D3, 4F5, 415, 4X10, 5D7, 
5E9, 6B3, 6G4

4F7 - - 1 band 0.5 X SSC: 4A3, 4D3, 4E1, 415, 4Y3, 5D7, 
5E3, 5E9, 6B3, 6D4, 6G4

4Y32J0 + + - + + smear 1 X SSC: 4B6, 4B7, 4C2, 4E8, 4Y2, 4Y6, 
4X10, 5B7, 5C10, 5G4, 5H3, 5M7, 6A5, 6B4, 

6B5, 6C1, 6G6

4 Y 3 ^ + + - + -f smear 1 X SSC: 4B7, 4X10, 4Y2, 4Y6, 5C3, 5C10, 
5M9, 6B4

4X7 - - 1 band 0.5 X SSC: 4A3, 4F7

5B7 +  + 4- 4- smear 0.1 X SSC: 4B6, 4X10, 4Y6, 5C10, 5L2, 5L9, 
5M9, 6B4, 6G6

5G5 - - - none

514 - - 4-/- smear 1 X SSC: 4Y2, 4Y6, 5K6

5J9 + - 4- smear 0.1 X SSC: 4C2, 6A3, 6B5, 6C1, 6Y7 
0.5 X SSC: 4B6, 4B7, 4C2, 4X10, 5E5, 5H3, 

5M7, 6A3, 6B1, 6B5, 6C1, 6Y7

5K6 - - 4- smear none

5L9 + - 4- smear 0.5 X SSC: 4X10, 4B6, 4Y2, 4Y6, 4B7, vector 
sequences

5M7 - - 1 band 1 X SSC: 4B7, 4Y6, 5E6 
AnLy 4-ve IxSSC, -ve 0.5XSSC

6B1 + - 4- smear 0.5 X SSC: 5H3, 5J9, 6A5, 6B5, 6C1,

6E4 + - 8 bands none

6G6 - - 4 bands 0.5 X SSC: 4A3, 4C1, 4E2, 4G1, 5B7, 5C5, 
5D7, 5E5, 5G4, 5H7, 516, 5J9, 5K2, 5L2, 6B1, 
6B5, 6D4, 6E4, 6F3, 6F4, 6H2, 6H3, 6J4, 6Y4

Results of hybridisation experiments using purified inserts as probes in Southern blot analysis of fcoRI digested 
DNA from YAC 178-1, total yeast (AB1380), human genomic and the other subcloned inserts. - indicates no 
hybridisation signal, + /- indicates weak hybridisation, + indicates a positive signal and + + indicates a very 
strong signal. All of the 48 secondary screen inserts were screened with each radio-labelled cDNA. AnLy (see 
insert 5M7) is a somatic cell hybrid containing human Xql2-qter (Zonana et al. 1988). The results of the 
human DNA analysis are a visual description to indicate the degree of specificity of hybridisation. Colony 
references are as described in the legend to Figure 4.1. Where a subscript number is given after the colony 
reference, this is to indicate which of the fragments found in the insert is being used. Washing conditions are 
included to indicate the strength of the hybridisation.
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Figure 4.3 Autoradiographs showing Southern blot analysis using inserts 4Y325o, 4F7 and 6E4 as probes

(a)

Hu Y VAC

4.5
I
e
e

(b)
Hu V YAC

4.5

(c)

Hu Y YAC

4.5

Southern blot analysis o f YAC 178-1, S. cerevisae AB1380 and human genomic DNA probed with (a) 4Y3250, (b) 4F7 and (c) 6E4. Sizes o f >sHind[\\ markers are given in kb.



Figure 4.4 Southern blot analysis using insert 5M7 as a prob^e
(a)

4XY XX XY AnLy
(b)

4XY XX XY AnLy

4.5 4.5

southern blot analysis of 4XY, XX and XY human genomic DNA and AnLy somatic cell hybrid DNA using insert 5M7 as a probe washed at (a) 1 x SSC and (b) 0 5 x SSC ^  Sizes ot XHiruIm markers are given in kb.



responsible for XLA.

The same gene was simultaneously isolated by Tsukada et al. (1993), who were aiming 

to identify genes involved in B cell growth and development. By screening a cDNA 

library produced from B cell progenitors with the kinase domain o f the Itk gene at low 

stringency, they isolated a mouse cDNA. They then isolated the human homologue from 

a human library and showed that this gene mapped to the X chromosome by in situ 

hybridisation. Its position on the X chromosome and its expression in B cell progenitors 

made it a good candidate for the causative gene in XLA. Using Southern blot analysis, 

however, they were unable to detect mutations within this gene in the DNA o f XLA 

patients. Using an antisera produced against part of the protein encoded by this gene, 

they did show, however, that there is little or none of this protein in some XLA patient 

B cell lines, supporting the argument that this gene is involved in XLA.

As there was strong evidence that this gene was in fact the causative gene in XLA, it was 

no longer appropriate to continue to screen the recombinant plasmid inserts selected in 

this study.

4 .2 .7  Success of the  cDNA enrichm ent procedure in this study

After the publication of the work of Vetrie et at. (1993c), the YACs were analysed for 

the presence o f the BTK  gene, as shown in section 3.2.4. The gene was shown to be 

present in YAC 178-1, which was used for this screening study, and in four other YACs 

in the con tig presented in Chapter 3, by Southern blot analysis (see Figure 3.5), using 

the BTK  cDNA as a probe (provided by Dr D. Vetrie, London). The cDNAs isolated in 

this study were screened for the presence of the BTK  cDNA by Southern blot analysis. 

The BTK  gene was not detected in the 48 cDNA clones obtained in the secondary screen 

o f this study. Technical difficulties prevented the analysis of the original cDNA library 

and the enriched pool of cDNAs for the presence of the BTK  or the GLA cDNAs.
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4.3 Discussion

4.3.1 The success of direct cDNA enrichment

Five out of the sixteen clones characterised in this study appeared to encode non- 

repetitive sequences (4F7, 4X7, 5M7, 6E4 and 6G6). Only one o f these, however, 

appeared to map to the YAC (6E4). Seven out o f the remedning clones appeared to 

contain repeat sequences as they hybridised strongly and non-specifically to a Southern 

blot of human DNA, and the final two did not appear to hybridise to YAC, yeast or 

human DNA. This indicated a specificity o f selection of 1/16 (approximately 6 %). 

Preannealing o f non-specific sequences which may interfere with specific hybridisation 

o f cDNAs to the YAC appears to be a critical part o f direct cDNA selection. In this 

study, reactions 1 and 2 were pre-hybridised with yeast DNA and reaction 3 was 

prehybridised with human DNA and these reactions resulted in the subcloned cDNAs 

gridded on plated 4, 5 and 6 , respectively. The subclones which originated from reaction 

3 were slightly less repetitive than the clones originating from reactions 1 and 2 (see 

Table 4.2), suggesting that prehybridisation with human DNA plays an important role in 

the specificity o f the hybridisation reaction. None o f the reactions resulted in subclones 

which hybridised to yeast DNA, suggesting that interference from yeast ribosomal 

sequences was not significant in this experiment. Yeast sequences have been found to 

be a frequent contaminant in other studies (Morgan et al. 1992; Fan et al. 1993). The 

hybridisation of the inserts to the other sub-cloned cDNAs did not appear to show any 

particular pattern, but certain sub-clones were detected more frequently than others, for 

example 4X10, 4B7, 5C10 and 4Y6. These inserts tended to be detected by the 

hybridisation o f labelled inserts which were found to be repetitive on human DNA, 

suggesting that these inserts contained repetitive sequences.

The results indicated that the cDNA selection procedures employed in this study gave a 

low level of enrichment of cDNAs mapping to YAC 178-1. Subsequent studies, after the 

BTK  gene had been isolated, showed that the BTK  gene was present on YAC 178-1 but 

failed to show the presence of BTK  in the cDNAs selected in this study. Further 

blocking steps to prevent non-specific hybridisation and a second round o f selection may
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have been necessary to ensure the success of this technique. Attempts to isolate a Vp^g 

positive YAC to use as a positive control for this experiment, as the Vp^g cDNA was 

known to be contained in the cDNA library, were unsuccessful.

4 .3 .2  C om parison of methodologies fo r the  isolation of th e  XLA gene

The aim of this study was to isolate the gene responsible for XLA using a direct cDNA 

enrichment procedure with a YAC 178-1, from a YAC contig containing the XLA critical 

region. Sixteen subcloned cDNA from the enriched pool were characterised before the 

publication o f the BTK  gene by Vetrie et al. (1993) and Tsukada et al. (1993). Vetrie 

et al. used a similar technique to the one described in this study. They used a 640kb 

YAC, similar in size to the 770kb YAC used in this study, and immobilised the YAC 

DNA to a nylon membrane. This method of immobilisation was more widely used at the 

time o f this study (Parimoo et al. 1991; Lovett et al. 1991), but magnetic bead 

technologies, as used in this study, has now been shown to give equivalent or better 

results (Morgan et al. 1992; Korn et al. 1992). Knowledge of the presence of the GLA 

gene on the YAC allowed Vetrie et al. to use the GLA cDNA as a positive control. 

Preliminary GLA mapping data, from the study of somatic cell hybrids in this laboratory, 

had suggest that this locus mapped outside the XLA region (M .-A .J. O ’Reilly, personal 

communication). Pre-hybridisation conditions have been shown to be critical for the 

success of this type of selection technique; Vetrie et al. prehybridised the YAC DNA and 

the cDNA with sheared placental DNA (Parimoo et al. 1991; Lovett et al. 1991), 

whereas in this study, only the YAC DNA was blocked with human and yeast DNA 

(Parimoo et al. 1991). Vetrie et al. used a cDNA library derived from an EBV positive 

Burkitt’s lymphoma cell line and the study described in this thesis used a cDNA library 

derived from a Nalm -6  pre-B cell line, both o f which have now been shown to express 

BTK  at equivalent levels (Genevier et al. 1994a), suggesting that both libraries should 

have contained the same amount of BTK  cDNA. The results o f the two enrichment 

procedures also compare favourably; 104 of the 1536 subcloned cDNAs were found to 

map to the region contained in the YAC in the study by Vetrie et al. (approximately 1%) 

and in this study 1 out of 16 subclones mapped to the YAC (approximately 6 %). Based 

on the above factors, there is very little difference between the methodology employed
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by Vetrie et al. and the methods employed in this study.

It is apparent, however, that the success of Vetrie et al, lay in the ability to screen 

rapidly a large number of clones using automated griding facilities. The construction of 

a cosmid contig over the YAC then enabled the sub-cloned cDNAs to be quickly 

grouped. There was not much difference between the levels of enrichment obtained in 

the two studies, but the screening method used in this study relied on a much greater 

level o f efficiency which had not been obtained. Vetrie et al. reported an enrichment of 

the BTK  cDNA of 500 fold, compatible with the 300 fold enrichment of the GLA positive 

control.

In conclusion, the technique of cDNA enrichment appeared to be an efficient method for 

the identification of the gene responsible for XLA from the defined genomic area. The 

success appears to rely on the optimisation o f the strategy for quenching repeat sequences 

and the characterisation of a large number of recombinant clones.

4.3.3 Im plications of the isolation of the gene fo r XLA

The isolation of the gene responsible for XLA ended a long search by several laboratories 

around the world. The gene was first localised to the X chromosome in 1986 (Kwan et 

al. 1986; Mensink et al. 1986) and the positional cloning process took seven yezirs to 

complete. The concurrent isolation of the same gene by a group using the candidate gene 

approach illustrates the effectiveness of these two different techniques. The isolation of 

the BTK  gene will now allow mutation analysis of the gene in XLA patients, leading to 

a further understanding of the molecular basis of this disease. An understanding o f the 

molecular basis o f XLA may then allow further research into the mechanism o f B cell 

development, as well as providing better disease diagnosis, carrier detection and pre-natal 

diagnosis for families affected by this disease.
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CHAPTER 5 

DETECTION OF MUTATIONS IN THE BTK  GENE 

CAUSING XLA

5.1 Introduction

A broad study o f pathological mutations in BTK  should provide a range o f complete and 

partial knockouts of protein function which can then be correlated with the patients 

immunological phenotype. This may allow important residues and domains in the Btk 

protein to be defined, furthering knowledge of non-receptor protein tyrosine kinases in 

general and, more specifically, the role of Btk in B cell development. The identification 

o f mutations will also provide improved disease diagnosis and carrier detection in families 

affected by XLA, thereby improving the accuracy of the information upon which genetic 

counselling is based.

Only a small number o f mutations had been documented prior to this study. Vetrie et 

al. (1993) identified genomic deletions in the BTK  gene in five XLA patients, two of 

which were entirely intragenic, confirming the relationship between the BTK  gene and 

XLA. Three patients with altered restriction patterns, which were co-inherited with XLA 

in the affected family, were also identified. Further analysis o f two of these patients, 

who were found to have the gain and the loss of a Taq\ restriction site, respectively, 

identified point mutations which would result in amino acid substitutions at residues 

thought to be crucial for the kinase function of non-receptor tyrosine kinases. Patient A 

was found to have a G to A transition resulting in the substitution of arginine 525 by 

glutamine, the change of a conserved amino acid in the substrate specific domain o f the 

kinase. Patient B had an A to G transition causing the substitution of lysine 430 by 

glutamic acid in the ATP binding site o f Btk. These mutations implicated BTK  in XLA 

pathogenesis, and indicated that the kinase activity of the protein was important for Btk 

function.
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The 659 amino acid Btk protein has been detected in other haematopoietic cells including 

myeloid cells, in addition to cells of the B lymphocyte lineage (de Weers et al. 1993; 

Genevier et al. 1994a; Smith et al. 1994a). Boys affected by XLA, however, have no 

evidence of myeloid abnormality and X inactivation patterns are non-random only in the 

B cells o f carrier women, while being random in whole blood. This suggests that Btk 

is essential only for the development of B cells. At the time o f this study, the genomic 

structure of this gene was not known, and therefore DNA could not be used as the basis 

of a mutation analysis study. As XLA boys have no B cells, the expression o f the gene 

in myeloid cells allowed the study of the mutant gene in the form of RNA, and therefore 

cDNA, from purified mononuclear cells from their blood.

All patient DNAs available to us (approximately fifty families) were screened for 

deletions by Southern blot analysis using the BTK  cDNA as a probe, prior to this more 

detailed mutation analysis study. Approximately 10% were shown to have genomic 

deletions (Lovering et al. 1994). The remaining 90% were therefore thought to have 

small insertions, deletions and point mutations. The definitive way to find such mutations 

is to completely sequence all exons, splice sites and control elements, but with a large 

gene and multiple samples a screening method is more appropriate. A mutation can then 

be located to within a small region of the gene, which must then be sequenced to define 

the mutation exactly. The screening method chosen for this study was single strand 

conformation polymorphism (SSCP) analysis (Orita et al. 1989a; Orita et al. 1989b). 

This technique is quick, simple and sensitive and does not require specialist chemicals 

or equipment.

5.2 Development of SSCP analysis for the B T K  gene

5.2.1 The technique

SSCP analysis works on the principle that single stranded DNA, under non-denaturing 

conditions, will form a secondary structure which is sequence dependent. Analysis of 

denatured double stranded DNA on polyacrylamide non-denaturing gels allows the single
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strands to migrate, not only according to size, but according to their sequence dependant 

secondary structure. Radioactive labelling or other staining techniques allow the single 

strands to be visualised. A single base change in a fragment up to 400bp can alter the 

secondary structure, resulting in a change in the pattern o f migration. This is detected 

as a shift in one or both of the single strands which localises the sequence alteration to 

that defined area of the gene. This area must then be sequenced to define the exact 

nucleotide change.

SSCP has been used widely in mutation analysis studies (for example Hayward et al. 

1994; Shimizu et al. 1994), and has been reported as a sensitive technique, detecting 80- 

90% o f mutations in any particular gene (Michaud et al. 1992; Sheffield et al. 1993; Fan 

et al. 1993). As the technique relies on the formation of secondary structures sensitive 

to sequences changes, it does not, generally, identify 100% mutations and this must be 

borne in mind when undertaking studies of this type. The sensitivity o f SSCP is 

dependent on the size o f the fragment under analysis, approximately 150bp has been 

reported to be the optimum (Sheffield et al. 1993), and is inversely proportional to the 

length o f the fragment, although strictness of this rule appears to vary depending on the 

sequence under analysis (Fan et al. 1993). Sensitivity o f SSCP is highest when the 

mutation involves the insertion or deletion of base pairs from the sequence, but nucleotide 

substitutions can be identified almost as well. Transitions and transversions are identified 

at equal rates indicating that the type of base change involved does not change the 

sensitivity o f detection (Sheffield et al. 1993; Fan et al. 1993). The position o f the 

change in the fragment under analysis has been reported to be important in one study 

(Sheffield et al. 1993) but not in another (Fan et al. 1993). As this technique relies on 

the conformation formed by the single strands in the gel, it is sensitive to the physical 

environment of the gel; the temperature, buffer concentration, cross-linking o f the 

acrylamide and concentration of acrylamide have all been shown to affect this type of 

analysis (Michaud et al. 1992; Sheffield et al. 1993; Fan et al. 1993). Low 

concentrations of glycerol have been shown to improve the separation o f the strands 

(Orita et al. 1989b). Overall, room temperature gels with 5% glycerol and 0.5 x TBE 

appear to provide a good level of detection (Sheffield et al. 1993), and additional runs 

at 4®C with 10% glycerol or 0% glycerol and 1 x TBE or 0.5 x TBE provide small
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increases in sensitivity (Michaud et al. 1992).

5 .2 .2  Application of SSCP to analysis of BTK

The protein coding region o f the BTK  cDNA covers nearly 2kb. PCR primers were 

designed which allowed the amplification o f the protein coding region o f the cDNA in 

seven overlapping sections, each o f approximately 400bp. The primers were all designed 

to have approximately the same annealing temperature to allow all combinations o f 

primers to be used in reactions together. For each fragment, restriction enzyme sites 

were selected which allowed the digestion of the product into two smaller fragments, as 

shown diagrammatically in Figure 5.1 and as described in Table 2.1. The sites were 

selected so that each of the fragments produced were greater than lOObp in length and 

that the difference in length between the two fragments was at least 50bp, to allow the 

single strands to be separated unambiguously on the gel. All samples were analysed at 

room temperature and at 4°C to maximise the sensitivity o f the technique. Any difference 

between patient and control was scored as positive. Undenatured and denatured double 

stranded DNA from a normal control was analysed on every gel to allow identification 

o f the normal single strands. In all cases, if a band shift was detected in a particular 

fragment, all the other reactions across the cDNA were performed and found to be 

normal, indicating that there was only one mutation in each patient.

5.3 Results

5.3 .1  M utations detected in SSCP reaction A

The PCR product from reaction A was digested into a 195bp fragment and a 119bp 

fragment. Four patients from three families were found to have band shifts in the 

fragments from this reaction on SSCP analysis. Patient AP had a band shift in the most 

3 ’ fragment o f the cDNA, the smaller 119bp fragment (Figure 5.2a). DNA sequence 

analysis o f this fragment showed that there had been a mutation o f a G to a T at 

nucleotide position 2038 (Figure 5.2b), resulting in a premature stop codon at amino acid 

residue 636.
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Figure 5.1 Diagrammatic representation of SSCP Analysis for the Btk gene

N-terminal domain S H i Catalytic domain
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Hue III
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Hae III
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EcoK\
Hae III

Rsa I

A-G are PCR amplification products as detailed in section 2.12.1. Arrows indicate approximate position of restriction enzyme 
digest sites.



Three XLA patients from two families had an SSCP band shift in the 195bp fragment 

from reaction A. The three affected boys from Family F were initially diagnosed as 

having an undescribed B cell immunodeficiency but on the basis o f a non-random pattern 

o f X-inactivation in the B cells o f the obligate carrier female (Alterman et al. 1993), they 

subsequently were diagnosed as having a "leaky” form o f XLA. The three boys in this 

family have B cell counts up to 2%. Immunoglobulin levels vary considerably between 

boys, but are almost normal. Clinical details are given in Appendix II. These boys are 

not on intravenous immunoglobulin therapy. Brothers TF and JF were studied by SSCP 

analysis and found to have a shift in the larger fragment of reaction A (Figure 5.3a). 

This band shift was shown, on sequence analysis, to be the result o f a C to A mutation 

at nucleotide position 1952 (Figure 5.3b), which would lead to the substitution o f alanine 

by aspartic acid at amino acid position 607.

The band shift seen in the BTK  cDNA in patient AJ (Figure 5.4a) was found, on DNA 

sequence analysis, to be caused by the insertion o f two nucleotides, CA or AC, at 

nucleotide position 2013 or 2014 o f the BTK  gene (Figure 5.4b). This dinucleotide 

insertion would result in the BTK  gene in this patient encoding an out of frame protein 

from threonine 628 onwards, with a premature termination codon at amino acid 649.

5.3 .2  Mutations detected in SSCP reaction B

The larger fragment (168bp) produced by the digestion of the product from reaction B 

was shifted in patient FM  (Figure 5.5a). This shift was only detected on the room 

temperature gels. The band shift in patient FM was shown to be caused by a G to A 

mutation at nucleotide position 1691 (Figure 5.5b), resulting in the substitution of 

arginine 520 by glutamine.
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Figure 5.2 Detection of a BTK  mutation in patient AP

(a) C AP C

(b)

M utation in patient AP compared to normal control (C) shown as (a) an SSC P band shift in the 1 19bp fragment 
from reaction A , with arrows on the left indicating the normal SSCP pattern and arrows on the right indicating  
the mutant pattern, with the lowest o f  the three bands being the non-denatured double stranded fragm ent, and 
(b) an autoradiograph o f  a D N A  sequencing gel show ing the G to T transversion at position 2038  in the BTK  
gene.
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Figure 5.3 Detection of BTK  mutation in family F

(a) JF TF

(b) JF

G A T C

C

G A T C

» . $

D etection o f  a mutation in family F (a) by SSCP analysis o f  brothers JF and TF show ing a band shift in the 
195bp fragm ent from reaction A (arrows on the right) compared to the band pattern seen in two normal controls 
(C) (arrows on the left) and (b) by D NA  sequence analysis o f  JF, show ing the C to A transversion at position  
1952 o f  the BTK  gene.
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Figure 5.4 Detect ion of the mutation in patient AJ

C AJ
(a)

(b)

AJ C
A T C G A T C

A nalysis o f  the BTK  gerae from patient AJ show ing (a) an SSCP band shift in the 195bp fragment fron reaction 
A , with the aberrant patttern indicated on the right and the normal pattern from the controls (C) indicated on the 
left and (b) the insertion! o f  a dinucleotide (C A /A C ) at position 2 013 /2014  o f  the BTK  gene.
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Figure 5.5 Mutation analysis of patient FM

(a) FM

(b)
C

A
G
c
c
A
C

- r i

(a) an SSCP band shift in the 168bp fragment o f  reaction B (indicated on the right) com pared to a normal 
control (C) (indicated on the left) and (b) a G to A transition at position 1691 o f  the BTK  gene identified by 
D N A  sequence analysis.
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5.3 .3  M utations detected in SSCP reaction C

No patients studied showed mutations in either of the fragments generated from this 

reaction.

5 .3 .4  M utations detected in SSCP reaction D

Three patients showed SSCP band shifts in the smaller (144bp) fragment produced from 

reaction D. DNA sequence analysis of this fragment from patient JP showed that the 

band shift (Figure 5.6a) was caused by an A to G mutation at nucleotide position 1051 

(Figure 5.6b), which would result in arginine 307 being substituted by glycine.

Patient 276 is a member of a large XLA pedigree whose members exhibit heterogeneity 

in their clinical and immunological phenotypes (Mensink et al. 1984; de Weers et al. 

1994b). SSCP analysis showed band shifts in the smaller fragment (144bp) from reaction 

D (results not shown) and the larger fragment (226bp) from reaction E (Figure 5.7a), 

suggesting that the nucleotide change lay in the region where these two fragments overlap 

(nucleotides 988-1000). Sequence analysis showed that the shift was due to a C to T 

mutation at nucleotide position 994 (Figure 5.7b). This base substitution results in 

arginine 288 being replaced by tryptophan.

The third patient, AC, showing a band shift in the smaller fragment (144bp) from 

reaction D (Figure 5.8a), caused by a trinucleotide deletion (Figure 5.8b). The deleted 

AGO could either be nucleotides 1035 - 1037 or nucleotides 1038 - 1040, but either o f 

these deletions would result in the deletion of the glycine residue at position 302.

5.3 .5  M utations detected in SSCP reaction E

In addition to patient 276 (see section 5.3.4), the larger (226bp) fragment o f reaction E  

was also shifted in patient NAD (Figure 5.9a). Sequence analysis showed a C to T  

mutation at nucleotide position 895 (Figure 5.9b) which would result in a premature stop 

codon at amino acid residue 255.
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Figure 5.6 Det ection of a mutation in the BTK  gene from patient JP

(a) JP

(b) C
A
G
A
G

A
c

È

C JP
G A T C  G A T C

(a) SSCP band shift in the 144bp fragment from reaction D - patient JP is shown on the right and the normal 
controls (C) are show n on the left, with arrows indicating the band patterns and (b) D N A  sequence analysis o f  
the sam e fragment w hich  revealed an A to G transition at position 1051 in the patient, com pared to the normal 
control (C).
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Figure 5.7 Detection of a BTK  mutation in patient 276

(a) 276

(b) C
G A T C G A T C

(a) SSCP analysis, show ing a band shift in the 226bp fragment from reaction E (a band shift was also seen in 
the small fragm ent (144bp) o f  reaction D  (results not show n), compared to two normal controls (C ), with the 
band patterns indicated by arrows, and (b) D N A  sequence analysis, show ing the C to T mutation at position 994  
o f  the BTK  g en e , com pared to the normal control (C).
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Figure 5.8 Analysis of BTK  in patient AC

(a)
C AC C

(b)

(a) an SSCP band shift in the sm aller fragment (144bp) from reaction D in patient AC indicated by arrows on  
the right, compared to the normal control (C) indicated by arrows on the left and (b) the deletion o f  the 
trinucleotide AGG, at positions 1035-1037  or 1038-1040 in patient AC compared to the normal control (C ), on 
D N A  sequence analysis.
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Figure 5.9 M utation detection in patient NAD

(a)
C NAD

(b)

NAD

G A T C

f f -

(a) SSCP analysis o f  the BTK  gene from patient N A D , show ing an altered banding pattern in the 226bp fragment 
from reaction E com pared to the normal control (C) (banding patterns indicated by the arrows on left and right 
respectively) and (^ )[’^]P-dATP D N A  sequence analysis show ing the C to T mutation found at position 895 o f  
the BTK  gene
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SSCP analysis of the BTK  cDNA from patient FGV showed a band shift in the smaller 

fragment (175bp) of reaction E (Figure 5.10a), resulting from the deletion o f a C at 

nucleotide position 752 (Figure 5 .10b). The protein encoded by this mutant gene would 

be out o f frame from alanine 207 and prematurely terminated at residue 216.

5 .3 .6  Mutations detected in SSCP reaction F

Patient JG had been studied previously by Southern blot analysis (patient C (Vetrie et al, 

1993c)), and was shown to have an extra Mspl site in the N  terminal region o f the gene, 

resulting in an abnormal restriction fragment pattern. This patient has two affected 

brothers. SSCP analysis o f the BTK  gene from patient JG and his brother COB showed 

band shifts in the smaller (141bp) fragment from reaction F. Sequence analysis of the 

shifted band from fragment F in patient JG (Figure 5.11a) showed a 21 bp insertion 

(TCTGTGTTTTCATCGACCCGG) at nucleotide position 442 (amino acid position 103) 

(Figure 5.11b). This insertion would result in seven amino acids being introduced 

between amino acids 103 and 104; Q103-SVFSSTR-V104. Comparison with recently 

published BTK  intronic sequences found immediately 5 ’ to exon 5 (Hageman et al. 1994; 

Ohta et al. 1994; Sidéras et al. 1994) showed that the inserted sequence was found in the 

genomic DNA and that this mutation must be caused, therefore, by a splicing error. 

Analysis indicated that there had been an A to G mutation at the -2 position of the 

intron/exon boundary at the 5 ’end of exon 5, destroying the conserved AG splice acceptor 

sequence. This mutation would also create the M spl site discussed in Vetrie et al. 

(1993). A cryptic splice site 21bp upstream in the intron appears to be utilised.

Patient LT was also found to have a band shift in the smaller fragment (141bp) of 

reaction F (Figure 5.12a). This patient also had a band shift in reaction G (results not 

shown) which indicated that the mutation lay in the overlapping regions o f reactions F 

and G (nucleotides 339-357). On sequence analysis, an additional A was found in a run 

of seven A residues, at nucleotides 341-347, within the overlap (Figure 5.12b). This 

mutation will result in the Btk protein being translated out of frame from residue 72 

onwards, with premature termination at residue 83.
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Figure 5.10 BTK  analysis in patient FGV

(a)

FGV C

(b)

FGV

G A T C

C

G A T C

D etection o f  a mutation in patient FGV by (a) SSCP analysis, which showed a band shift in the 175bp fragment 
o f  reaction E in the patient w hen com pared to the normal control (C ), the banding patterns being indicated by 
arrows on the right and left, respectively, and (1)) D N A  sequence analysis, w hich showed deletion o f  a C 
nucleotide at position 752 o f  the gen e.
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Figure 5.11 M utation detection in patient JG

(a)

COB JG  C C

(b)

C

G A T C

JG
G A T C

T
T
C
C
A
G
T

T
G
T
T
T
T
C
A
T
C
G
A
C
C
C
G
G
G
T
T
G
T
A

(a) SSCP analysis o f  the BTK  gene from patient JG and his affected brother COB show ing a band shift in the 
141bp band from  reaction  F, when com pared to the normal controls (C ), with normal and mutant band patterns 
indicated by arrow s on  the left and right, respectively, and (b) D N A  sequence analysis o f  the sam e fragment 
show ing a 21bp insertion at nucleotide 442 .
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Figure 5.12 Analysis of BTK  from patient LT

(a)
LT

(b>
LT

G A T C  G A T C

(a) SSCP analysis o f  the 141 bp fragment from reaction F, showing the band shift in patient LT as com pared  
to the normal control (C ), with normal and mutant band patterns shown on the left and right, respectively , and
(b) D N A  sequence a n a ly s is  showing the insertion o f  an A in the monotonie run at nucleotides 3 41 -347 .
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5 .3 .7  M utations detected in SSCP reaction G

In addition to patient LT (see section 5.3 .6), SSCP analysis of reaction G in the XLA 

patients showed band shifts in three patients from two families - SB, his brother CB and 

unrelated BB (Figure 5.13a). Sequence analysis of the cDNA from patients SB and BB 

showed that they both have mutations in the initiation codon, SB having an A to G 

mutation at position 133 and BB having a T to C mutation at position 134 (Figure 5.13b). 

This mutation probably results in the complete prevention o f translation, unless an 

alternative downstream translation start site is used.

5.3 .8  XLA patients with no alterations detectable by SSCP analysis

Eighteen XLA patients were analysed for mutation in BTK  in this study. Three of these 

patients were fully analysed by SSCP and no alterations were found.

5 .3 .9  Two patients with exonic deletions

Prior to SSCP analysis, all patient cDNA samples were analysed by PCR amplification, 

to assess the presence on the normal sized BTK  gene. Two patients showed smaller 

product sizes, indicative of a deletion in the cDNA (results not shown). These patients 

were analysed by DNA sequencing directly. Patient CAB, from a large Spanish 

pedigree, showed a Ikb PCR product using PCR primers StartF and 7R compared to the 

expected product size of 1.2kb. Southern blot analysis of DNA from affected and 

unaffected members of this family using a fragment from the 5 ’ end of the BTK  gene as 

a probe showed no alterations, suggesting that the deletion results from a splicing defect 

(S.Genet, personal communication). DNA sequence analysis of the region spanning the 

deletion showed that this patient had a deletion encompassing nucleotides 524-652 

inclusive (Figure 5.14). Comparison with the recently published genomic structure of 

BTK  indicated that these nucleotides corresponded to exon 6 (Hageman et al. 1994; Ohta 

et al. 1994; Sidéras et al. 1994). Sequence analysis o f the intron/exon boundaries should 

define the exact mutation producing this splicing error. The removal o f this exon leaves 

the remainder of the protein being translated in the correct reading frame, but 43
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Figure 5.13 Mutation analysis of patients BB and SB

(a)

(b)

SB CB BB

SB
G A T C

BB
G A T

=

(a) SSCP analysis o f  fragm ent G from brothers SB and C B , unrelated BB and normal control (C ), showing 
altered banding patterns indicated by arrows and (b) D N A  sequence analysis show ing A to G transition at 
position 133 and T to C transition at position 134 in patients SB and BB, respectively
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Figure 5.14 DNA sequence analysis of the BTK  gene in patient CAB

CAB

exon 5

exon 7 c

C
G A T C

exon 5

exon 6

D N A  sequence analysis show ing the deletion o f  nucleotides 524-652  (corresponding to exon 6) from the B TK  
cD N A  in patient CAB com pared to a normal control (C).
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Figure 5.15 DNA sequence analysis of the BTK  gene from patient CHD

exon 19 

exon 17

CHD
G A T C

C
G A T C

exon 18

exon 17

D N A  sequence analysis showing the deletion o f  nucleotides 1883-2040 (corresponding to exon 18) from the BTK  
cD N A  in patient C H D , compared to the normal control (C).
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amino acids will be deleted and amino acid 131 will be changed to glycine. From genetic 

linkage studies of this family, the origin of the mutation is thought to have occurred in 

the unaffected grandfather’s germ-line (S.Genet, personal communication).

Patient CHD also showed abnormalities on initial PCR analysis. PCR amplification using 

primers E3R and BS5’ showed a product of approximately 350bp, compared to the 

expected product o f 500bp. Sequence analysis of the patients cDNA showed that 

nucleotides 1883-2040 (inclusive) were missing (Figure 5.15). Comparison with \h^B T K  

genomic structure indicated that this corresponded to the absence o f exon 18, suggesting 

the presence of a splicing defect. This error would result in the Btk protein being 

translated out of frame from amino acid 585 onwards, with premature termination at 

residue 588.

5.4 Discussion

5.4.1 Efficiency of B T K  SSCP analysis

In this study, eighteen XLA patients were investigated for mutations in the BTK  cDNA 

using SSCP analysis and the results are summarised in Table 5.1. Two of these patients 

were found to have deletions of whole exons indicating splicing errors, and thirteen were 

found to have SSCP band shifts caused by sequence alterations. This gives a detection 

efficiency for SSCP analysis of over 80%, which is comparable with detection rates 

reported in other studies (Michaud et al. 1992; Sheffield et al. 1993). Three patients did 

not have mutations in the BTK  cDNA which were detectable by this method. These 

patients may have alterations in untranslated regions or control elements. Alternatively, 

as two of them are sporadic cases and X-inactivation analysis has not been performed to 

confirm X-linked inheritance, it is possible that their diagnoses as XLA are incorrect.

Nearly all the band shifts were detected on gels at both 4®C and at room temperature, but 

one (patient FM , section 5.3.2) was detected at room temperature only. Some fragments
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Table 5.1 Summary of XLA mutations

Patient XLA
phenotype'

Fragment 
with SSCP 
band shifF

Mutation Exon Restriction 
digest 

site changes^

Protein Comments

BB classical G T 1 3 4 -C 2 EagI + 
BsiEl +

MIT disruption of 
initiation codon

SB classical G A 133^G 2 none MIV disruption of 
initiation codon

LT classical F/G insertion
A

341-347

3 none N72 out of frame

JG classical F insertion 21 bp 
A ^  -2, 3’splice 

site

4/5 Msp\ + Q103-SVFSSTR 7 amino acid insertion

CAB classical n/d deletion 
524-652 

splicing error

6 n/d V131G + del 43 
amino acids

splicing error 
in-frame deletion

FGV classical E deletion
C752

8 Cflc8I- A207 out of frame

NAD classical E C895 T 8 Malll 4- R255* premature stop

276 leaky D/E C994 T 10 Mlyl- R288W substitution 
SH2 domain

AC classical D deletion AGG 
1035 - 1037 or 

1038-1040

11 none deletion G302 single amino acid 
deletion SH2 domain

o



JP classical D A1051 G 11 none R307G substitution 
SH2 domain

FM classical B G1691 A 15 P/yMI + R520Q substitution 
kinase domain

TF leaky A C1952^ A 18 Bsml + A607D substitution 
kinase domain

AJ classical A insertion
CA/AC

2013/2014

18 My/I + T628 out of frame

CHD classical n/d deletion 
1883-2040 

splicing error

18 n/d Y545 splicing error 
out of frame

AP classical A G2038 T 19 Nlalll - E636* premature stop

'The classical XLA phenotype is defined as the patient having less than 1 % B cells and undetectable immunoglobulin and the leaky XLA phenotype is defined as the patient having more than 1 % B cells and 
some immunoglobulin. ‘SSCP reaction nomenclature as in Figure 5.1.  ̂Restriction digest site changes in genomic DNA. + and - indicate gain and loss of a restriction site, respectively, included here for 
completion. Nucleotide and amino acid residue numbers are as in Vetrie et al. (1993) Exon nomenclature as in (Hageman et al. 1994; Ohta et al. 1994). n/d indicates not determined. * indicates a stop 
codon.



gave bands on SSCP analysis which were not sharply resolved under certain conditions, 

for example one o f the single strands produced on SSCP analysis o f the 195bp fragment 

o f reaction A was not sharply resolved on the gel run at 4°C, but was much clearer under 

analysis at room temperature (see Figure 5.3a). Other fragments, for example the 226bp 

fragment from reaction E, produced multiple bands under certain conditions and in some 

cases the non-denatured double stranded DNA showed abnormal migration (see Figure 

5.2a). These phenomena have been noted previously in other studies (Michaud et al. 

1992). Many of the band shifts were more noticeable at 4°C, suggesting that these 

conditions were more sensitive, and it was found that the 4°C conditions were more 

reproducible, probably because of the more constant temperature. SSCP analysis at one 

temperature is therefore sufficient to give a high level of sensitivity, and it may be more 

efficient to only use a second set o f conditions when no shifts are seen or the shift is very 

small and requires confirmation.

5 .4 .2  C pG  diiiucleotide m utability

5-Methylcytosine (5-Me) is the most common DNA modification found in eukaryotic 

genomes. The 5-mC is frequently deaminated to form thymine, which then becomes 

paired with adenine at DNA replication and therefore becomes a fixed mutation (Ehrlich 

& Wang, 1981). There is evidence for a specific mismatch repair event which restores 

a G /T mispair to a G/C pair, protecting the cell from this type of genetic alteration 

(Brown & Jiricny, 1987), but C to T and G to A transitions, occurring within CpG 

dinucleotides, are still thought to account for approximately 35% of disease causing 

mutations (Cooper & Youssoufian, 1988). Three out of nine point mutations detected in 

this study were found to be such transitions, a rate of 33%, which is compatible with this 

study.

5 .4 .3  Nucleotide alterations resulting  in am ino acid substitu tions

Four nucleotide changes would be predicted to result in amino acid substitutions in the 

Btk protein (patients 276, JP, FM  and TF), two of which may have occurred as a result 

o f the deamination of a methylated CpG dinucleotide (276 and FM ). Two of the patients
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(JP and FM) have a severe XLA phenotype and the amino acids which are altered are 

highly conserved among related tyrosine kinases, indicating the importance o f these 

residues to the functioning o f the protein. The other two patients had milder XLA 

phenotypes (TF and 276) and the amino acids altered are less highly conserved, 

suggesting that these residues do not have such an essential role in the structure and/or 

function of Btk. The functional significance of these substitutions will be discussed in 

sections 7.10 and 7.11.

5.4 .4  Premature termination codons

Two patients, NAD and AP, had point mutations which resulted in premature stop 

codons, in exons 8 and 19, respectively. All of the affected boys from both families have 

the classical XLA phenotype. If  the mRNA translated, NAD will have a truncated 

protein o f only 255 amino acids that lacks all of the SH2 domain and kinase domain. 

There is an increasing body of evidence, however, suggesting that there is a nuclear 

reduction in the level of mature transcript containing premature termination codons 

(Urlaub et al. 1989) and a concomitant loss of detectable translation in the cytoplasm. 

This reduction does not seem to occur, however, when the premature stop codon is in the 

last exon or last third o f the penultimate exon of the gene (Cheng et al. 1990). Other 

studies have shown that exons containing premature stop codons are skipped and not 

included in the mature transcript (Dietz et al. 1993). A number o f models have been put 

forward to account for these findings: the "translational translocation" model (Urlaub et 

al. 1989), which involves the translational machinery pulling the transcript into the 

cytoplasm and being abruptly halted by a premature stop, resulting in degradation of the 

remaining transcript in the nucleus; the "scanning model", involving nuclear machinery 

which scans the mRNA for termination codons (Bell et al. 1988); and most recently, the 

"local frame decision" model in which nuclear machinery scans mRNA before splicing, 

and chooses splice sites on the basis of a long open reading frame in the "exon" (Dietz 

& Kendzior, 1994). None of these models can accurately account for all the 

experimental findings, and the actual process, which may involve concepts from all three 

models, remains to be elucidated. These reports, however, show that premature 

termination codons must be considered in terms of a reduction in the amount o f transcript
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and not solely in terms of a truncated protein, unless protein levels have been quantified.

The premature termination in patient AP is in the last exon of the gene and would 

therefore be expected to produce a truncated protein, lacking the C terminal 24 amino 

acids including a number of highly conserved residues. There are three severely affected 

males in this family, suggesting that these last 24 amino acids are essential for the correct 

expression and/or function of Btk in the developing B cell.

5 .4 .5  Insertions and  deletions of one or m ore nucleotides

Studies of insertional and deletional mutagenesis causing human genetic disease have 

shown that both processes occur non-randomly and appear to be associated with the local 

DNA sequence environment (Cooper & Krawczak, 1991; Krawczak & Cooper, 1991). 

Many insertions and deletions may be explained by direct repeats or runs of single bases 

promoting slipped mispairing during DNA replication or by inverted repeats or symmetric 

elements facilitating the formation of secondary-structure intermediates.

Patient LT was found to have an extra A inserted in a run o f seven As at nucleotides 341- 

347. This mutation will result in the protein being out of the correct reading frame from 

residue 72 and prematurely terminated at residue 83. Runs of the same nucleotide are 

subject to single base pair insertions and deletions because o f slippage o f the DNA 

polymerase during replication (Krawczak & Cooper, 1991). The slippage occurs because 

of the looping out of a single nucleotide during the replication process - if this nucleotide 

is on the template strand the result will be the deletion o f a single nucleotide, and if  it 

is on the daughter strand, the result will be the insertion o f a single nucleotide. This 

same alteration in this run of seven As has been found in three other XLA patients (Dr 

H.B. Caspar, personal communication). The four boys have been shown to come from 

at least two unrelated families because of the presence of an SSCP polymorphism within 

the gene (section 6.2.4).

The deletion of a single C in patient FGV, results in the protein being out of frame from 

residue 207 onwards, with premature termination at residue 216. This premature
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termination codon may result in a significant reduction in the amount o f mRNA present 

in the cytoplasm, as described in section 5.4.5. This deletion occurs in a small run of 

trinucleotide repeats: CCA GC*A GCA GCA CCA, with the asterix indicating the deleted 

nucleotide. Direct repeats o f between two and eight base pairs were found in the region 

of 98% of the deletions studied by Krawczak et al. (1991), although the deletion o f a 

complete repeat element was seen only rarely. The exact mechanism creating these 

deletions is not known.

Patient AJ has a dinucleotide insertion which may be CA or AC. The exact insertion 

cannot be identified because of the sequence context of the alteration. The result is that 

Btk will be translated out of frame from residue 628 onwards, with premature termination 

at residue 649, in the last exon of the gene. As shown by the premature termination in 

patient AP, these last residues appear to have an important role in the maintenance of Btk 

function in the cell. This insertion occurs at TATA*C*CATC and results in 

TATACACCATC, with the asterix indicating the possible sites of insertion. This AC 

duplication could be consistent with a slipped misparing model o f insertional mutagenesis.

Patient AC was found to have a trinucleotide (AGG) deletion at either residues 1035-1037 

or residues 1038-1040. The sequence context o f this deletion is 

GAAAGA(AGG)(AGG)TTTC, with the two possible positions o f the deletion in brackets 

and the flanking complementary repeat underlined. This deletion is compatible with a 

slipped mispairing model. The consequence of this deletion is the omission o f the GGA 

trinucleotide, coding for glycine 302 in the Btk protein. The functional consequences of 

this will be discussed in section 7.10.

5 .4 .6  In itia tion  codon m utations

The initiation codon in eukaryotic mRNA transcripts is usually the first AUG codon. The 

smaller ribosomal subunit recognises the modified 5 ’ cap of the mature transcript along 

with several other proteins, and then moves to the AUG codon where the larger 

ribosomal subunit and other factors associate (Lewin, 1993). A consensus sequence 

around this region has been derived (Kozak, 1987). The initiator tRNA molecule
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carrying the methionine residue is then used to initiate the amino acid chain. Patients SB 

and BB were found to have nucleotide mutations which result in disruption o f the 

translation initiation codon. Both of these patients have the classical form of XLA, 

suggesting that disruption of initiation results in a complete lack of functional Btk protein. 

There are two further potential initiation codons in the gene, at positions 317 and 619, 

which both have good Kozak consensus sequences (Kozak, 1987), and both in the correct 

reading frame. Initiation at either of these codons would result in a protein lacking most 

o f the N terminal.

Patient BB is a sporadic case, and was initially diagnosed as having XLA with isolated 

growth hormone deficiency (Fleischer et al. 1980; Sitz et al. 1990; Conley et al. 1991; 

Monafo et al. 1991). As the underlying defect is possibly a contiguous deletion 

syndrome encompassing the gene for XLA and another gene involved in growth hormone 

deficiency, DNA from this patient was initially studied by Southern blot analysis and 

found to be comparable to normal (results not shown), indicating that he did not have a 

deletion involving BTK. Further studies on this patient showed him to be an XLA patient 

of short stature (Dr K,Forsyth, Flinders Medical Centre, Adelaide, Australia, personal 

communication).

5 .4 .7  B T K  splicing erro rs

Splicing of heterogeneous nuclear RNA to produce mRNA proceeds by two sequential 

transestérification reactions, mediated by a spliceosome consisting of five small nuclear 

RNAs (snRNAs) and numerous proteins (Lamond, 1993). The exact mechanism of 

catalysis o f the reaction has not been defined, but it is known to proceed via the 

recognition by the snRNAs of the 5 ’ splice site, the 3 ’ splice site and the branch site 

located 18 to 40 base pairs upstream of the 3 ’ splice site. Cleavage at the 5 ’ splice site 

is followed by the joining of the 5 ’ end of the intron to the branch site, creating the 

characteristic lariat. Cleavage then occurs at the 3 ’ splice site and the exon sequences 

are joined, leaving the intron sequence to be degraded in the cytoplasm. It has been 

estimated that up to 15 % of all point mutations causing genetic disease result in a splicing 

defect, a large proportion of these involving the invariant GT and AG residues found at
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the 5 ’ and 3 ’ ends of introns, respectively (Krawczak et al. 1992). Consensus sequences 

have been derived for the regions around intron/exon boundaries (Pagdett et al. 1986) 

and "Consensus values" which allow the scoring of a potential splice site in relation to 

the defined consensus, to ascertain the likelihood of use o f a cryptic splice site (Shapiro 

& Senapathy, 1987) have been reported, allowing assessment of the effect o f mutations. 

A splice site mutation can result in an exon no longer being recognised, and therefore 

excluded from the mature transcript, or the activation of a potential cryptic splice site and 

the consequent deletion o f part of an exon or inclusion o f intronic sequences in the 

mRNA.

The mutation in patient JG was identified initially as an altered M spl restriction fragment, 

detected by Southern blot analysis of this family (Vetrie et al. 1993c). No other 

alterations were detected on digestion with additional enzymes, suggesting no gross 

deletion or gene rearrangement. The 21 base pair insertion at the boundary between 

exons four and five was found, on analysis o f recently published intronic sequences, to 

be the result of an A to G point mutation in the invariant AG splice acceptor sequence. 

The destruction of this consensus sequence appears to result in the spliceosome selecting 

a splice acceptor consensus sequence 21 base pairs upstream within intron 4. Using the 

likelihood scoring of Shapiro and Senepathy ( 1994) the normal splice site at this 

intron/exon boundary has a score of 90. With the A to G mutation at the -2 position of 

the 3 ’ splice acceptor sequence, the score is reduced to 74. The cryptic splice site which 

is utilised in patient JG has a likelihood score of 83, compatible with its preferred usage 

in the context of the mutation. Splicing would continue as normal with the extra 21 base 

pairs of intronic sequence remaining in the mRNA and being translated. Although the 

remainder of this protein is in the correct translational reading frame, the function o f the 

protein appears to be completely disrupted since by this 7 amino acid insertion, as this 

patient and his two brothers have severe XLA.

Two patients, CAB and CHD, were found to have deletions o f the BTK  cDNA which 

appear to be the result o f a splice site mutation resulting in the deletion o f an exon. In 

patient CAB the deletion of exon 6 results in the substitution o f one amino acid and the 

deletion of 43 amino acids, leaving the reading frame unchanged. In patient CHD the
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deletion o f exon 18 results in the remainder o f the protein being translated out o f frame, 

and prematurely terminated at residue 588. The loss o f a complete exon can be attributed 

to a number of genomic DNA changes involving splice site recognition sequences, and 

these could now be defined in these patients by analysis of the B TK  genomic DNA, using 

the recently published intron sequences (Hageman et al. 1994; Ohta et al. 1994; Sidéras 

et al. 1994). These splice site defects could be due to a point mutation, small deletion 

or insertion, involving either the splice acceptor sequence or the branch site at the 3 ’ end 

o f the preceding intron, either of which would prevent recognition o f the downstream 

exon. The loss o f exon 18 could also be a consequence of a mutation at the 5 ’ splice site 

sequence of intron 18, a phenomenon which has been taken into account in the formation 

of the "exon-definition" model of splice site selection (Robberson et al. 1990; Niwa et 

al. 1992), which proposes that exons are defined by the identification of the 3 ’ and 5* 

splice signals at the 5 ’ and 3 ’ ends of the exons, respectively. This model does not, 

however, take into account the requirement for intron definition to ensure the correct 

joining o f multiple exons or the fact that 5 ’ splice sites closer to the 3 ’ splice site are 

chosen in preference to those further away (Reed & Maniatis, 1986; Eperon et al. 1993). 

The mechanisms for the selection of splice sites and the high fidelity of the splicing 

process are complex and not fully understood. The identification o f the genomic 

mutations in these patients which result in this exon skipping, may help in their 

elucidation.

5.4 .8  Spectrum  of BTK  m utations detected in this study

O f the fifteen BTK  mutations detected in this study, four resulted in amino acid 

substitutions, two resulted in premature termination codons, four involved the insertion 

or deletion of one or more nucleotides, two nucleotide substitutions resulted in the 

disruption o f the initiation codon and three were the result o f splicing errors. Including 

the six patients shown to have genomic deletions (Lovering et al. 1994), these results 

suggest that the mutations causing XLA are highly heterogeneous. This heterogeneity has 

implications in the diagnosis of disease and carrier detection, and the understanding of 

the functions o f Btk.
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CHAPTER 6 

MOLECULAR ANALYSIS OF BTK

6.1 Introduction

The reasons for identifying disease-causing mutations in a newly isolated gene are 

threefold; to establish the association between the gene and disease, to provide functional 

information on the role o f the protein in health and disease and to provide more accurate 

means for disease diagnosis and carrier detection in families affected by the disease. The 

aim of the work described in this chapter, therefore, was to use the information from the 

mutation analysis study to further analyse the BTK  gene and the Btk protein in the context 

of these three areas.

The BTK  gene was associated with XLA by Vetrie et al. (1993), who identified 8/33 

XLA patients with abnormal DNA restriction fragment patterns on Southern blot analysis, 

using the BTK  cDNA as a probe. The BTK  mutation analysis presented in this thesis has 

shown that mutations in BTK  are found in most XLA patients studied so far (15/18), 

confirming the monogenic nature of this disease. The connection between the BTK  gene 

and XLA has therefore been firmly established. The mutations causing XLA appear to 

be highly heterogeneous, suggesting that many different mutations cause the same 

disease. The possibility remains, however, that Btk could be responsible for other B cell 

malfunctions, for example less severe abnormalities in B cell growth, differentiation or 

function, or B cell malignancy. There are patients who have B cell defects less severe 

than in XLA, and who have apparently normal cell mediated immunity (Dr Alison Jones, 

personal communication). Other patients have been described who have normal B cell 

numbers, but abnormal responses to polysaccharide antigens (Umetsu et al. 1985; 

Ambrosino et al. 1987), suggesting that they could be the human equivalent o f the mouse 

x id  defect (see section 1.3.12). Mutations in BTK  which partially disrupt the protein 

function could be envisaged to be causative of these milder B cell specific 

immunodeficiencies.
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It has been suggested that Btk may have oncogenic potential on the basis of its similarity 

to the Src family of protein tyrosine kinases (Vetrie et al. 1993c). Also, as Btk is 

thought to be involved in B cell growth and development, and therefore its dysregulation 

could be envisaged to result in B cell malignancy. Dysregulation of c-abl tyrosine kinase 

activity has previously been shown to be directly involved in two types of leukaemia, 

namely Philadelphia positive common acute lymphocytic leukaemia (ALL) and chronic 

myeloid leukaemia (CML) (reviewed in Kurzrock et al. 1988). ALL is largely a disease 

o f children and has been associated with both genetic and environmental risk factors 

(Greaves, 1988). Therefore, it could be envisaged that dysregulation of Btk activity 

could be a cause of some B cell acute leukaemias. With a firm link between mutations 

in Btk and XLA established therefore, the first aim of this part of this study was to 

examine the potential links between Btk and other diseases affecting the B cell lineage.

The mutation analysis study presented in Chapter 5 has identified mutations in the BTK  

gene in XLA patients, many of which, on the basis of the homology of Btk to other 

protein tyrosine kinases, would be predicted to disrupt the function of the protein. Until 

the protein from the patients can be characterised, however, these functional effects 

remain only predictions. It may be that, in many cases, the mutation in the BTK  gene 

causes either the BTK  mRNA or the Btk protein to become unstable in the cell, resulting 

in a complete lack of Btk protein. Studies have shown that lack of Btk protein is found 

frequently in B cell lines from XLA patients; in the five XLA cell lines studied by 

Tsukada et al. (1993), three had no BTK  mRNA by northern blot analysis and one had 

mRNA but no active protein. In other cases, mutations in BTK  result in the protein 

having a lack of enzymic activity. One cell line, described by Tsukada et al. , which was 

derived from a patient with a leaky XLA phenotype, had reduced mRNA and reduced 

active protein. In order to fully characterise the effect of the mutations described in this 

study on the Btk protein, it was therefore necessary to produce an antibody to Btk. This 

was generated in this laboratory against a fusion protein containing part o f the N terminal 

o f the Btk protein, as detailed in section 2.15.1. This polyclonal anti serum enabled the 

identification o f the Btk protein on western blot analysis o f cell lysates and the 

purification of Btk by immunoprécipitation. Immunoprécipitation of Btk will allow in 

vitro kinase assays to be performed on the protein, to assess Btk enzymic activity. The
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correlation between the nucleotide mutation, the protein quantity and activity, and the 

patient phenotype will be important in the elucidation of the molecular basis of XLA. 

The second aim of this chapter, therefore, was to begin to study the Btk protein from 

patients who have defined mutations, to allow correlation between a particular mutation, 

the encoded Btk protein and the patient phenotype.

Mutation analysis of the BTK  gene in affected individuals may allow better disease 

diagnosis, in the case o f leaky forms of XLA. Previously, mild B cell 

immunodeficiencies were not diagnosed as XLA, but this study has shown that some 

patients with slightly milder immunodeficiency phenotypes have mutations in BTK  

(patients TF and 276, chapter 5), allowing their disease to be more accurately described. 

BTK  mutation analysis may also provide the means for more accurate carrier detection 

in affected families, by assessing the presence of the mutant allele by detecting an SSCP 

band shift or an altered restriction enzyme digest fragment due to a disease-causing 

mutation in the BTK  gene. In families whose disease-causing mutation has not yet been 

identified, intragenic polymorphisms may provide the means for carrier detection, by 

allowing the study of the inheritance of the mutant allele. The identification o f theBTX  

gene and the development of techniques for quick mutation analysis may improve the 

accuracy o f the information upon which genetic counselling for these families is based. 

The third aim of this chapter, therefore was to assess these possibilities for XLA carrier 

detection.

6.2 Results

6.2.1 Analysis of the BTK  gene in a patient with a mild B cell im m unodeficiency

Patient DW has 5% B cells in his peripheral blood, but virtually no immunoglobulin, as 

detailed in Appendix II. TheBTX cDNA from this patient was investigated for mutations 

by SSCP analysis, as described in section 2.12 and found to be comparable to normal 

(results not shown).
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6.2 .2  Analysis of the BTK  gene in two "jciW-like" patien ts.

Patients OS and RF had an inability to make antibodies to polysaccharide antigens, as 

shown by a complete lack of response to vaccinations with pneumococcal polysaccharide 

(Dr D.Goldblatt, ICH, London, personal communication). Clinical details o f these 

patients are given in Appendix II. In addition, patient OS had two brothers who had died 

o f infection at a young age, while his two sisters are well; a family history which is 

compatible with an X-linked inheritance. Patient RF also has a brother who died o f a 

chest infection, while his two sisters are well. BTK  cDNA from both of these boys was 

analysed by SSCP as described in section 2.12 and found to be comparable to normal 

(results not shown).

6.2.3 Analysis of the BTK  gene in leukaem ia patients

In order to investigate the possibility that BTK  plays a role in B cell malignancy, Û\q BTK  

cDNA from 23 B cell acute leukaemia patients (ALL), comprising eleven patients with 

null ALL, five patients with common ALL, four patients with pre-B ALL and three 

patients with mature B ALL, were studied for mutations by SSCP analysis. No 

differences were found when they were compared to the normal controls (Katz et al. 

1994).

6 .2 .4  D etection of a polym orphism  in the BTK  gene

A polymorphism in the BTK  gene v/as found which could be detected by SSCP. The 

band shift was seen in the 119bp fragment generated in reaction A (Figure 6.1a) and 

sequence analysis of this fragment showed a T to C change at nucleotide 2031 (Figure 

6.1b). This nucleotide change is found in codon 633 and changes TGT to TGC. Both 

o f these trinucleotides code for the amino acid cysteine and therefore this polymorphism 

does not affect the amino acid sequence of the protein. The rarer allele has the published 

BTK  sequence, T at position 2031 (Vetrie et al. 1993c), and was found in 14 out of 58 

XLA and leukaemia patients analysed (this study, Dr H.B.Gaspar and D r F.K atz, 

personal communications). The more common allele has C at this position and was
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found in the remaining 44 patients. The predicted heterozygosity for this polymorphism 

is 36%. This nucleotide change does not destroy or create any restriction fragment 

enzyme site.

6.2 .5  The use of direct m utation analysis to im prove XLA ca rrie r  assessm ent

The pathological mutation in family P was shown, in this study, to be a G to T 

transversion at nucleotide 2038 of the BTK  gene (Chapter 5, patient AP). The mutation 

was detected by an SSCP band shift in the smaller restriction digest fragment (119bp) 

produced in reaction A. In order to determine whether the SSCP band shift would be 

useful in ascertaining carrier status, the same PCR amplification was performed on cDNA 

from the mother, who was known to be a obligate carrier (Alterman et al. 1993), and her 

two sisters, who were of unknown carrier status. For this analysis, cDNA was generated 

from both the full mononuclear layer from Ficoll separation of blood and from purified 

monocytes. Carrier women have a unilateral pattern o f X-inactivation in their B cells, 

but a random pattern in whole blood. The two different cell preparations were therefore 

used to ascertain any differences in the ability to detect the mutant allele. The samples 

were analysed on an SSCP gel. No differences could be seen when the samples from the 

two cell preparations were compared The SSCP band shift could be seen when the 

affected boy and the normal control were compared (Figure 6.2b). The obligate carrier 

mother could be seen to have both the normal and mutant bands, but the bands from the 

two sisters could not be resolved (Figure 6.2b). As this nucleotide change results in the 

destruction of a Mr/Ill site, the PCR products were digested and analysed on a 

polyacrylamide gel as described in section 2.6.3, and the result shown in Figure 6.2c. 

A schematic diagram of the digest is shown in Figure 6.2d. The loss o f the restriction 

site gave an larger 75bp fragment in the affected boy which was not seen in the normal 

controls, which only had the smaller 59bp fragment. The obligate carrier and her two 

sisters all had both bands indicating that all three are carriers of the mutant allele.

6 .2 .6  The isolation of Btk protein from  XLA patients

Analysis of the Btk protein from XLA patients was found to be hampered by the lack of
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Figure 6.1 Hdentificatioii of a polymorphism in the BTK gene
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(a) SSCP analysiis o f  the 1 19hp fragment from reaction A o f the BTK  gene (as detailed in section  2 .12) from  
four unrelated inidividuals. Tracks 1, 3 and 4 show the more com m on SSCP pattern and track 2 show s the rarer 
pattern (see text^) and (b) secpience analysis o f  (1) an individual with the rarer SSCP pattern show ing a T at 
position 2031 o f 'th e  BTK  gene and (2) an individual with the more com m on SSCP pattern show ing a C at 
position 2031 o f  the BTK  gene
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Figure 6.2 Determination of carrier status by direct mutation analysis
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Carrier determination in family P showing; (a) pedigree o f family, (I)) SSCP analysis o f cDNA from each 
individual showing the band shift in the affected boy but ambiguous carrier detection. The upper and lower 
bands are the single stranded DNA and the band in the middle is the double stranded DNA, The track on the 
left also shows and additional band which cannot be identified, (c) restriction digest pattern showing the normal 
allele as a 59bp fragment and the mutant allele as the 75bp fragment and (d) a schematic representation o f the 
M alU restriction sites (indicated by arrows) around the site o f the mutation, with the site lost in the mutant allele 
indicated by a star.
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availability of cells containing the protein. EBV transformed B cell lines provide the best 

source of material, but as XLA boys have virtually no B cells in their peripheral blood, 

the establishment of these cell lines is difficult. Monocytes purified from the 

mononuclear cell layer of Ficoll separated blood can be used as a source of Btk protein 

but 50 ml of blood must be analysed on the same day as the sample is taken, for 

sufficient monocytes to be isolated; only half the number of monocytes could be isolated 

from blood left at room temperature overnight (results not shown). Repeated attempts 

to study Btk from Ficoll purified mononuclear cells stored in liquid nitrogen proved 

unsuccessful. This restricted analysis of the Btk protein of XLA patients to those who 

were present in the Hospital, or those from whom an EBV cell line could be generated.

6.2.6.1 Analysis of levels of protein and kinase activity in patient 276

A B cell line derived from EBV transformation of bone marrow from patient 276 (a gift 

of Dr M.de Weers, Leiden, The Netherlands) was analysed for the presence of Btk 

protein. This patient was shown to have a mutation in the SH2 domain, arginine 288 

changed to tryptophan, of the Btk protein (section 5.3.4). Western blot analysis using 

the Btk anti serum on a hypotonic lysate of these transformed B cells showed that Btk was 

present (Figure 6.3a). Immunoprécipitation of Btk from these cells, followed by a kinase 

assay (described in section 2.15) showed that the protein had enzyme activity comparable 

to a Daudi B cell line (Figure 6.3b).

6.2.6.2 Analysis of Btk protein in patients CP and CHD

The XLA phenotype in family P had been found to be caused by a premature stop codon 

causing the protein to be terminated 24 amino acids from the end. This protein would 

be predicted to be approximately 70kD compared to the 77kD normal Btk. Monocytes 

were purified from the blood of patient CP, his obligate carrier mother and a normal 

control. The monocytes and the remaining mononuclear cells (predominantly B cells and 

T cells) were subjected to hypotonic lysis. Western blot analysis of these samples using 

the Btk anti serum showed the presence of the 77kD Btk protein in the monocytes and T/B 

cells of both the mother (MP) and the normal control and a band of the predicted size
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Figure 6.3 Analysis of Btk protein in patient 276

(a)

Btk

276 D

Btk

(a) W este rn  blot analysis o f  the Btk protein from an EBV transformed B cell line from patient 276 and a  Daudi 
cell con tro l ,  with the 77kD Btk protein indicated by an a rrow  on the left and (b) an au torad iograph  o f  an in vitro 
k inase assay  showing the activity o f  the Btk protein from patient 276 c om pared  to a Daudi control.  Sizes o f  
m arkers  a re  given in kD and are indicated by a r row s on the right.
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Figure 6.4 Analysis of Btk protein from patient CP 
(a)

D C P I  MPI C l  CP2 MP2 C2
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(b)

-Ml #
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C P 1 M PI C l  CP2 MP2 C2

Btk

(c) CP 1 M PI C l  CP2 MP2 C2

Btk

#
(a) W estern blot analysis o f  hypotonic lysates,  using the Btk antisera.  Sam ples shown are  Daudi cell line (D), 
non-adherent m ononuclear  cells from the peripheral blood o f  XLA patient C P  ( C P I ) ,  his obligate c a r r ie r  m other 
M P  (M P I)  and a normal control C (C l )  and m onocytes from the per ipheral  blood o f  patient C P  (C P2),  his 
motlier (MP2) and normal control C (C2). (b) Anti-Btk imm unoprecip ita tes  from  the same cell types C P I ,  
M P I ,  C l ,  C P 2 ,  M P2 and C2 . (c) Autorad showing the kinase activity o f  the anti-Btk im m unoprecip ita tes  
shown in (b). Size m arkers  are shown on the ri&zht in kl).
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(70kD) in the monocytes of patient CP (Figure 6.4a). Additional cross-contaminating 

bands, which were also seen in the Daudi control, were seen in this track.

The Btk protein was immunoprecipitated from additional samples of the same types of 

cells from these three individuals, and subjected to a kinase assay as described in section 

2.15.5. Western blot analysis of these samples showed the presence of the 77kD Btk 

protein in both samples from the mother (MP) and the normal control, but the absence 

of this protein in both samples from the affected boy (Figure 6.4b). Autoradiographic 

analysis of the membrane showed that the 77kD protein in the samples from the mother 

and the normal control had detectable in vitro kinase activity, but this activity was absent 

from the samples from the affected boy (Figure 6.4c). This analysis was performed 

twice, on separate occasions, with the same results.

The same analysis was performed on blood from patient CHD. The XLA phenotype in 

this patient was shown in this study to be caused by the deletion of exon 18 (Chapter 5). 

The results from this analysis of the Btk protein showed the complete absence of 

detectable protein as shown by western blot analysis of lysates, immunoprécipitation and 

kinase assays (results not shown). It became apparent, however, that the results of the 

immunoprécipitation of Btk from the monocytes of normal controls was not consistent.

6.3 Discussion

6.3.1 Involvement of BTK in other B cell immunodeficiencies

This study has involved a preliminary investigation into the potential involvement o f BTK 

in disease phenotypes other than XLA. It is possible that mutations in BTK may be 

involved in mild forms of B cell immunodeficiencies, which may not always be clinically 

diagnosed as XLA. Amino acid substitutions at the less conserved residues in the protein 

may only have mild effects on the protein function. The case of hypogammaglobulinemia 

studied here did not have any alterations in the BTK gene by SSCP analysis, but another 

patient who was initially reported as having 5% B cells has been found to have a SSCP
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band shift in the 195bp fragment of reaction A (Dr H.B.Gaspar, personal communication) 

indicating the presence of a mutation. The exact nucleotide change has not yet been 

elucidated. This fragment is the same as the one containing a mutation in Family F, who 

showed a milder form of XLA (Section 5.3.1).

Two patients with xid-Wkt phenotypes were investigated for mutations in BTK. No 

mutations were found in either of these patients by SSCP analysis. This does not 

completely exclude the possibility of the involvement of BTK in this phenotype as SSCP 

does not detect 100% of mutations (see section 5.2.1). Recently, however, a severely 

affected XLA patient has been described with amino acid substitutions at the same residue 

as the substitution found in the xid mouse (de Weers et al. 1994b). Amino acid 28 is 

changed to histidine in the XLA patient and cysteine in the xid mouse. Histidine and 

cysteine are thought of as very similar amino acids, and therefore it could be predicted 

that these amino acid substitutions will not have vastly different phenotypic effects. The 

differences in immunological phenotype may therefore be due to the different mechanisms 

of B cell ontogeny in the two species.

A patient previously diagnosed as having common variable immunodeficiency was found 

to have a genomic deletion of the BTK gene by Southern blot analysis (Vorechovsky et 

al. 1993), illustrating that patients diagnosed as having immunodeficiencies other than 

XLA may have mutations in this gene.

6.3.2 Btk and B cell leukaemias

The potential involvement of Btk in some types of B cell leukaemia is still to be 

elucidated. No evidence for BTK mutations in twenty-three B cell leukaemias was found 

in this study by SSCP analysis, or any evidence for changes in the level of Btk protein 

in twelve of these patients (Katz ei a I. 1994). There are many documented mutations 

in c-Src which have been reported to increase activity and produce a transforming 

phenotype. These are found in several regions of the gene including the C terminal 

regulatory tyrosine (Y527), the SH2 domain and the SH3 domain (Hirai & Varmus, 

1990; O’Brien et al. 1990; Superti Furga et al. 1993). Deletions of the SH2 or SH3 also
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seem to activate the transforming potential of the protein, as does alterations to the 

spacing between the C terminal regulatory tyrosine and the rest of the kinase domain. 

Other mutations in these regions appear to reduce the transforming activity of activated 

c-Src, suggesting that there are both positive and negative regulatory mechanisms 

associated with the SH2 and SH3 domains (Hirai & Varmus, 1990; O’Brien et al. 1990). 

The proposed mechanism for the regulation of c-Src activity involves the SH2 domain 

binding the phosphorylated C terminal tyrosine, bringing the kinase domain into an 

inactive conformation. Dephosphorylation of this residue, mutation of the tyrosine to 

phenylalanine or mutation of certain residues in the SH2 domain appear to release this 

control mechanism (Liu et al. 1993). Btk is related to c-Src, although it lacks the C 

terminal tyrosine and therefore may be subject to a different mechanism of control. 

Deletion of Btk SH3 domain or mutation of SH2 residues critical in phosphotyrosine 

binding does not seem to have activating effects on the Btk protein, but result in the 

disruption of the function of Btk and lead to XLA. It is possible that other types of B 

cell malignancy may involve Btk activation, for example chronic lymphocytic leukaemia 

or follicular lymphomas, and therefore a larger study characterising Btk expression in 

these malignancies may prove to be interesting. Although there is no evidence at 

present, therefore, to link Btk with B cell leukaemia, until the mechanisms of Btk activity 

have been fully elucidated, the possibility of a connection still remains.

6.3.3 Analysis of Btk protein

This study has shown that the Btk protein from patient 276 has kinase activity, as shown 

by an in vitro kinase assay. The XLA phenotype in this patient is caused by a single 

amino acid substitution in the SH2 domain, arginine 255 being changed to tryptophan. 

This suggests that this SH2 domain mutation does not have a detectable effect on the 

enzymic activity of the protein. The SH2 domain mutant reported by Saffran et al. 

(1994) was found to be synthesised at the normal rate as shown by metabolic labelling 

experiments, but was found to be quickly degraded suggesting that Btk instability was one 

of the main consequences of the mutation. This emphasises that predicted effects of 

mutation must be followed by studies on the stability and activity of the protein.
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Btk protein of the 70kD truncated size was seen on western blot analysis of a hypotonic 

cell lysate of monocytes from patient CP, but could not be detected by western blot 

analysis of anti-Btk immunoprecipitates. No Btk protein could be detected in monocytes 

from patients CHD, either by western blot analysis of a hypotonic cell lysate or by 

immunoprécipitation of Btk. The immunoprécipitation results from normal controls 

appeared to be inconsistent, suggesting that purified monocytes may not be suitable for 

Btk protein analysis. Btk is thought to be expressed at similar levels in B cells and in 

myeloid cells (de Weers et al. 1993; Smith et a l 1994a; Genevier et al. 1994a). This 

protein is not essential for myeloid cell growth and/or function, as shown by the lack of 

identifiable myeloid cell dysfunction in XLA patients and the role of Btk in these cells 

is unclear.

No Btk protein was found in a cell line produced from another XLA patient (Genevier 

et al. 1994a). This patient had been found to have a point mutation resulting in the 

substitution of threonine 33 by proline. It is possible that many amino acid alterations 

result in unstable proteins which are degraded quickly. Analysis of the presence of Btk 

protein in further XLA patients may allow confirmation of the predicted effect of the 

mutation on the protein, and analysis of some of the inter-relationships between different 

domains of the protein.

6.3.4 Implications of BTK mutation analysis for carrier detection in XLA

Direct mutation analysis may result in much improved carrier detection for XLA by 

permitting the direct detection of the mutant allele. In the family studied here, the SSCP 

band shift was not sufficiently large to clearly ascertain carrier status. However, in 

patients where the band shift indicating the mutation is larger, it should be possible to 

unequivocally determine carrier status using SSCP analysis. Carrier determination by 

SSCP analysis will be made easier when genomic DNA instead of cDNA can be used as 

the starting material, as both alleles will be present at exactly the same level, compared 

to cDNA where levels are subject to variations due to of X-inactivation patterns. In the 

family studied here, however, the mutation causing the disease results in the disruption 

of a M(3in  site allowing the identification of all three women as carriers of XLA.
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Several of the XLA patients analysed in this study, have nucleotide changes which alter 

restriction enzyme digest sites (Table 5.1) which can potentially be used for simple and 

quick detection of the mutant allele. These changed restriction patterns will also be 

useful for pre-natal diagnosis when the gene can be amplified from genomic DNA and 

subjected to digestion by the appropriate restriction enzyme.

SSCP analysis of the BTK gene in this study revealed an intragenic SSCP polymorphism 

which has an predicted heterozygosity of 36%. This polymorphic C or T at position 

2031 of the BTK gene does not result in the creation or destruction of any restriction 

enzyme site, preventing its detection by analysis of restriction digest patterns. The 

detection of this polymorphism will therefore have to be by SSCP analysis or DNA 

sequencing. Using purified mononuclear cells, SSCP analysis may show the presence of 

the two alleles in heterozygous women. The allele co-inherited with the disease must be 

the mutant allele, as this polymorphism is intragenic. Analysis of this polymorphism has 

proved to be useful in the analysis of four XLA patients with the same mutation (section 

5.4.6), as two of the patients had one allele and two had the other allele, suggesting that 

these patients were from at least two separate families. Another polymorphism detectable 

by SSCP analysis has been reported in the 3’ untranslated region of the gene 

(Vorechovsky, 1994).
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CHAPTER 7 

DISCUSSION

7.1 The molecular basis of XLA

An understanding of the molecular basis of XLA requires full knowledge of the gene and 

the protein involved in the disease phenotype. This requires the isolation of the gene, 

knowledge of its DNA sequence and its mechanisms of control of expression, a study of 

the mutations which result in the disease, and information on the structure and function 

of the encoded protein. At the start of this study, the gene responsible for XLA had not 

been identified, but by using a positional cloning approach, the location of the gene was 

narrowed down to an approximately 2-4cM region in Xq22 (Lovering et ah 1993a). 

Since then, the BTK gene has been identified and shown to be responsible for the disease, 

and the molecular basis of XLA is beginning to be understood.

7.2 Mapping in Xq22

The identification of the gene responsible for XLA marked the end of a long search by 

several laboratories. The BTK gene lies 200kb proximal to DXS178, the locus mapping 

the closest to XLA by genetic linkage analysis, and has been placed in the following 

order of loci in Xq22: cen-DXS442-BTX-CL/l-DXS 178-DXS 101-tel (Vetrie ef a/. 1993c). 

BTK has been physically mapped 50-70kb proximal to GLA. The physical distance 

between BTK and DXS442 is not known, but must be greater than 800kb (Sweatman et 

ah 1994). During the studies which lead to the isolation of this gene, physical maps 

(Vetrie et al. 1993b; Sweatman et al. 1994) and genetic maps (Lovering et al. 1993a; 

Parolini et al. 1993) of Xq22 have been constructed which may facilitate the identification 

of other genes in the region. The region has now been represented in several YAC 

contigs (this study; Vetrie et al. 1994; Parolini et al. 1993). Ten or more CpG islands, 

indicative of transcribed sequences, have been described in the region between DXS442 

and DXSlOl (Vetrie er al. 1993a; Vetrie et al. 1993b; O’Reilly et al. 1993a; Sweatman
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et al. 1994) and four other cDNAs were isolated in conjunction with BTK (Vetrie et al. 

1993c; Vorechovsky et al. 1994). This evidence suggests the presence of several other 

genes in the region. The genes responsible for several genetic diseases have been 

mapped to this region, including X-linked megalocornea (Bleeker-Wagemakers et al. 

1991) and FG syndrome (Zhu et al. 1991). There are no cytogenetically detectable 

deletions described in XLA patients and all the deletions studied so far only extend 

beyond the 3’ region of the gene. The a  galactosidase gene, responsible for Fabry 

disease, has a very low rate of deletion (Bernstein et al. 1989) and, despite its close 

proximity to BTK (within 90kb), no patient has been reported suffering from Fabry 

disease and XLA. This could suggest that deletion of this region is not compatible with 

survival, indicative of the presence of essential gene(s), probably distal to BTK  (at the 5’ 

end of the gene). The data produced during the search for the gene responsible for XLA 

will aid in the identification of these other genes in the Xq22 region.

7.3 The involvement of BTK  in immunodeficiency

7.3.1 XLA

The identification of the BTK gene has resulted in the ability to study XLA patients for 

mutations and to begin to understand the molecular basis of the disease in each patient. 

Most XLA patients have detectable mutations in the coding region of the gene, and 

further analysis of the remainder (in this study, 3/18) may define mutations in the 

promoter or other control sequences. Thus, mutations in BTK have been definitively 

associated with XLA. In addition, a number of patients with milder phenotypes have 

been found to have mutations in BTK (this study; Saffran et al. 1994; Ohta et al. 1994), 

illustrating that other patients with B cell restricted immunodeficiencies, which have not 

previously been diagnosed as XLA, may have a mild form of this disease. The molecular 

basis of the XLA-like disease seen in two females (Conley and Sweinberg, 1992) remains 

to be elucidated.
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7.3.2 XLA and isolated growth hormone deficiency

The identification of the BTK gene has allowed further study of families affected by XLA 

and isolated growth hormone deficiency (IGHD). Vorechovsky et al. (1994) examined 

DNA from three families affected by XLA/IGHD by Southern blot analysis, using the 

BTK cDNA as a probe, in order to identify any genomic deletions which may involve an 

adjacent gene. No evidence was found to suggest any such deletions, therefore excluding 

the possibility of contiguous deletions as the basis for the coinheritance of these disorders. 

Conley et a l (1994) have reported finding mutations in the BTK gene in affected 

individuals from two families previously documented to have XLA/IGHD (Conley et a l  

1991; Sitz et a l  1990). Linkage analysis of these families had shown that the disease 

locus mapped to the same region as XLA. Mutational analysis has now shown that the 

disease causing mutation in one family is a premature stop codon at residue 375 in the 

SH2 domain. The mutation in the second family was found to result in a leucine to 

proline substitution at position 542 in the kinase domain. These mutations do not have 

any unique characteristics which could be associated with IGHD, suggesting that the XLA 

and the IGHD are not genetically related. A recent study has suggested that true cases 

of XLA/IGHD are rarer than currently assumed as many of the reported cases of 

XLA/IGHD can be accounted for by growth hormone insufficiency due to delayed growth 

and puberty (Buzi et a l  1994). Testosterone priming of subjects can produce normal 

growth hormone levels. The molecular basis for the association of XLA and IGHD 

remains unknown.

7.4 The BTK  gene

The 2.5kb BTK mRNA contains a 1.9kb open reading frame, beginning with an initiation 

codon at nucleotide 133. The genomic structure of the BTK gene has recently been 

established by several groups (Ohta et a l 1994; Hageman et a l  1994; Sideras et a l  

1994). The gene is encoded in 19 exons and is contained within 37.5kb of genomic 

DNA, with the first exon containing only 5’ untranslated region (UTR). The coding 

exons in the human gene vary in size from 55bp to 503bp and the intron sizes vary from
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179bp to 9.2kb. The promoter region of the BTK gene has been analysed and no obvious 

TATA A or CAAT-like sequences upstream of the transcription start site (Hageman et al. 

1994; Sideras et a l  1994), indicating that the transcription factors which bind to these 

motifs do not play a role in BTK expression. The sequence around the start site in BTK 

is identical in seven out of eight nucleotides to the "initiator" sequence (Smale & 

Baltimore, 1989). This is a promoter element which acts, in concert with or 

independently of the TATA box, to initiate transcription. The intron/exon boundaries of 

the BTK gene have been found to be in similar positions in the mouse gene, and the gene 

has been found to cover approximately 43.5kb, making it slightly larger than the human 

gene (Sideras et a l 1994).

7.5 Expression of BTK

The expression of BTK has been studied by northern blot analysis and by western blot 

analysis using an anti-Btk antisera. BTK expression appears to be limited to the 

haematopoietic lineages. Expression has been detected in B lineage cells, from pro-B cell 

to mature B cells, but not in plasma cells (de Weers et a l  1993; Smith et al. 1994a; 

Genevier et a l  1994). It has also been detected in myeloid lineage, erythroid lineage and 

mast cells (de Weers et a l  1993; Smith et a l 1994a; Genevier et a l  1994). No 

expression was detected in T cell lines or normal adult tonsillar T cells. Btk has also 

been detected at normal or reduced levels in cells derived from XLA patients (this study; 

Tsukada et a l  1993; Genevier et a l 1994).

7.6 The Btk protein

The BTK mRNA is translated into a 659 amino acid protein of 77kD. Database searches 

showed that both the gene and the protein have significant levels of homology to the Src 

family of protein tyrosine kinases (PTKs), suggesting that Btk is a member of this family 

(Vetrie et a l 1993c). Particularly high regions of homology between Btk and Src encode
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the characterised Src homology (SH) domains, SHI, SH2 and SH3 (Figure 7.1). Within 

the Src family, Btk appears to be the most closely related to the proteins Itk (Siliciano 

et aL 1992) and Tec (Mano et al. 1993) and it has been postulated that these three 

proteins make up a subfamily of PTKs. These three proteins show high levels of 

homology to Src over some regions of the protein, but exhibit a number of differences. 

They lack the SH4 domain found at the N terminal of Src which contains the 

myristoylation site, thought to play a role in localising Src to the plasma membrane, and 

have a much longer N terminal domain, part of which shows a high level of homology 

to the recently described Pleckstrin homology (PH) domain (Musacchio et al. 1993). 

This long N terminal domain also contains a proline rich region, recently named the Tec 

homology domain, because of the level of conservation between Tec, Btk and Itk (Smith 

et al. 1994b). The Btk subfamily of PTKs lack the C terminal tyrosine residue, thought 

to be involved in the regulation of Src enzymic activity (see section 6.3.2). On the basis 

of the homology of Btk to other proteins and the definition of previously characterised 

domains, Btk can be considered to be composed of a number of modular domains as 

shown in Figure 7.1. This allows the assignment of certain functions to particular 

regions of the protein and the speculation of the effect of mutations with the regions of 

the gene encoding these domains.

7.7 The pleckstrin homology domain

The mutation in patient JG (section 5.3.6) would result in a seven amino acid insertion 

in the PH domain of the protein. This domain is a region of approximately 100 amino 

acids, first detected as an internal repeat in pleckstrin, a 47 kDa protein which is the 

major substrate of protein kinase C in platelets (Haslam er al. 1993; Mayer et al. 1993). 

This domain has now been found in proteins with diverse cellular functions (Musacchio 

et al. 1993) many of which are thought to be involved in cell signalling. Some 

cytoskeletal proteins including dynamin and /3-spectrin have also been found to contain 

PH domains. Several of these proteins also have SH2 and SH3 domains. The PH 

domain is thought to be too small to have a catalytic function of its own and may be 

involved in molecular recognition (Gibson er al. 1994). It is more divergent than SH2
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Figure 1.3 Diagrammatic representation of Btk

SH3 SH2 SHI

The 659 aa Blk protein has S i l l ,  SI 12 and SI 13 domains and a long N terminal domain, thought to contain a 
pleckstrin homolgy (PH) domain and a Tec homolgy (TH) region



and SH3 domains and, like SH2 and SH3 domains, appears to be modular, functioning 

independently of its position in the protein. Three dimensional nuclear magnetic 

resonance spectroscopy of the pleckstrin PH domain has shown that the structure of this 

domain is a barrel of seven anti-parallel ^  strands (a-g) with a C terminal amphiphilic 

a helix cap (Yoon et al. 1994). A very similar structure has been found for the 

spectrin PH domain, illustrated in Figure 7.2, with the differences being found in the 

loop region of the protein (Macias el a l 1994). There appears to be a cluster of positive 

charges around with what may be a binding cleft, which is associated with strands a-b 

and e-f. PH domains have recently been shown to interact with a number of other 

proteins in vitro. The N terminal part of the PH domain from pleckstrin has been shown 

to bind to phosphatidylinositol-4,5-biphosphate (PIP2) (Harlan et al. 1994). Studies of 

the adrenergic receptor kinase (/3ARK) PH domain suggested that the region could 

bind the subunits of trimeric G proteins (Touhara et al. 1994), and a recent study by 

Yao et al. (1994) showed that the Btk PH domain, and the PH domains of the other 

proteins of the Btk subfamily, bind to protein kinase C (PKC) in mast cells.

The twenty one base pair insertion in the BTK gene of an XLA patient described in this 

study (section 5.3.6) would result in a seven amino acid insertion at position 66 of the 

PH domain (nomenclature as in Gibson et a l 1994), in the middle of strand f (see Figure 

7.2). This strand is thought to be involved in the putative binding cleft and therefore an 

insertion such as this could be predicted to disrupt binding activity of the PH domain. 

Other recently described mutations in the Btk PH domain include amino acid substitutions 

at position 28 of Btk, changing arginine to cysteine in the xid mouse (Thomas et al. 

1993; Rawlings et al. 1993) and from arginine to histidine in a severely affected XLA 

patient (de Weers et al. 1994b). This residue is found in strand b (PH domain position 

20) and is thought to be at the bottom of the positive binding pocket, and likely to be 

involved in ligand binding (see Figure 7.2). Northern blot analysis of BTK mRNA, 

metabolic labelling of the Btk protein and autokinase assays of immunoprecipitated Btk 

protein showed no differences between xid B cells and normal mouse B cells indicating 

that the xid  mutation did not affect expression of the gene, stability of the protein or the 

autokinase activity of the protein (Thomas et al. 1993; Rawlings et al. 1993). The Btk 

PH domain binding of PKC in mast cells was shown to be reduced by the presence of the
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xid amino acid substitution (Yao et a l 1994). Another mutation resulting in a threonine 

to proline substitution has been reported at Btk residue 33, in the PH domain. This 

mutation has been shown to result in the complete absence of Btk protein in an EBV cell 

line derived from this patient, suggesting that it makes the protein unstable (Genevier et 

a l  1994).

In conclusion, the Btk PH domain appears to be a modular domain involved in protein - 

protein interactions with one or more substrates, including PKC. Disruption of the PH 

domain by the insertion of seven amino acids in strand f or the substitution of residue 28 

by cysteine or histidine appears to completely disrupt the functioning of Btk, resulting in 

the human XLA or mouse xid phenotype. PH domain interactions must therefore be 

critical to the normal functioning of this protein.

7.8 The Tec homology domain

The region between the PH domain and the SH3 domain is of unknown function but has 

tentatively been designated the Tec homology (TH) domain (Smith et a l  1994b). There 

are two proline-rich regions in this domain which resemble the SH3 binding site 

consensus sequence (Ren et a l 1993; Yu et a l 1994), residues 185-192 KKPLPPTP and 

residues 199-206 KKPLPPEP, suggesting that this domain may mediate interactions with 

the SH3 domain(s) of other molecules. A recent study has shown that the SH3 domains 

of the Src family PTKs Fyn, Lyn and Hck bind to these proline rich sequences in Btk 

(Cheng et a l 1994). No XLA patients have been found with amino acid substitutions in 

this region of the BTK gene, in this or any other study. The significance of this, if any, 

is not yet known.

7.9 SH3 domains

SH3 domains are modular regions of approximately sixty amino acids which are thought 

to be involved in protein-protein interactions resulting in the mediation of the subcellular
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Figure 7.2 Backbone ribbon diagram representation of a PH domain

Patient JG
7 am ino acid insertion

v:6

Representation o f the jS-spectrin PH domain structure, taken from Gibson et al. (1994). The jS strands are 
labelled j8a-/3g. The carboxy C terminus is at the lower back and the amino terminus is at the bottom centre, 
V26 is the residue corresponding to the site o f the amino acid substitution in the x id  mouse (Thomas et al. 1993; 
Rawlings e t al. 1993) and in a severely affected XLA patient (de Weers et al. 1994b).
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location of proteins and the transduction of intracellular signals (reviewed in Mayer & 

Baltimore, 1994). This domain is found in many proteins involved in cell signalling, for 

example, the Src family of tyrosine kinases and phospholipase C7 , and in cytoskeletal 

proteins, for example, dynamin. SH3 domains are often found in conjunction with SH2 

domains although their functions are entirely separate. Three dimensional NMR analysis 

of the Src SH3 domain suggests that the secondary structure is formed of two three- 

stranded anti-parallel /? sheets, with a hydrophobic core at the interface (Yu et al. 1992). 

This provides the binding site for the consensus recognition sequence of SH3 binding 

proteins. The recognition sequence has been shown by mutational studies to be a nine 

or ten amino acid stretch which is rich in proline residues (Ren et al. 1993). The binding 

site of the SH3 domain contains some highly conserved residues but the lack of total 

conservation suggests that there may be different binding specificities for each SH3 

domain. This has now been demonstrated by in vitro binding studies (Gout et al. 1993). 

It has recently been shown that the Btk SH3 domain does not have affinity for its own 

SH3 binding motifs, present in the Btk Tec homology region (Cheng et al. 1994). 

Experiments with the GTPase dynamin showed that binding to SH3 domain activated the 

GTPase activity, suggesting that SH3 domain binding may exert some regulatory effects 

(Gout et al. 1993).

No amino acid substitutions have been found in the Btk SH3 domain, in any study so far. 

This may simply because they have not yet been identified, but it also may be because 

amino acid substitutions in this domain do not severely disrupt the functioning of the Btk 

protein.

7.10 SH2 domains

Three patients were found to have BTK mutations in the part of the gene encoding the 

SH2 domain. SH2 domains have been shown to bind specifically and with high affinity 

to phosphorylated tyrosine residues, and are therefore thought to link proteins into signal 

transduction networks involving tyrosine phosphorylation (reviewed in Mayer & 

Baltimore, 1994). They have been found in a wide variety of proteins including non­
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receptor tyrosine kinases, phospholipase C7 , Ras GTPase-activating protein (GAP) and 

adaptor proteins, sometimes in duplicate and sometimes in conjunction with an SH3 

domain. X-ray crystallographic studies of Src SH2 domain have shown that its secondary 

structure consists of two antiparallel (3 sheets and two surrounding a helices, which 

together form a binding pocket into which the phosphorylated tyrosine is inserted 

(Waksman et a l  1992, see Figure 7.3a). For ease of comparison of different SH2 

domains, a consensus nomenclature has been proposed (Bek et al. 1993). Each residue 

is numbered within its individual secondary structure, with the j8 strands named jSA - /3G 

and the a helices named a k  and aB. The loops between the strands and the helices are 

named using the names of the secondary structures which they join. Three conserved 

amino acids found in this pocket interact with the phosphotyrosine, as shown in Figure 

7.3b. A second pocket formed by the SH2 domain is thought to be involved in the 

specificity of the interaction between the SH2 domain and the phosphopeptide. This 

pocket binds the residue found at the 4-3 position after the phosphorylated tyrosine 

(Waksman et al. 1992; Waksman et al. 1993). SH2 domains from different proteins are 

thought to recognise phosphotyrosine containing proteins with different specificities; for 

example, the SH2 domains of the Src family PTKs are thought to recognise 

phosphotyrosine in the sequence context of leucine or isoleucine at the plus three position 

(Songyang et al. 1993). Several reports have described the structure of the SH2 domain 

with and without bound peptide (Songyang et al. 1993; Waksman et al. 1993) and 

suggest that peptide binding produces only localized and relatively small changes to the 

SH2 domain structure. The SH2 domains of the Src family have been shown to play a 

role in the regulation of kinase activity by binding the N terminal phosphorylated tyrosine 

residue and therefore maintaining the kinase in an inactive state.

Patient JP (section 5.3.4) was shown to have a mutation which resulted in the substitution 

of arginine 307 by glycine. This residue, jSB5 according to the SH2 domain 

nomenclature, is expected to be found at the base of the phosphotyrosine binding pocket 

by homology to the Src SH2 domain, and is thought to form two ion pairs with the two 

of the phosphate oxygens (Waksman et al. 1992), as illustrated for the Src SH2 domain 

in Figure 7.3b. Mutation of this residue to lysine in the oncogene Abl, maintaining the 

positive charge of the residue, was shown to completely prevent phosphotyrosine binding
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(Mayer et al. 1992). This residue is the only invariant amino acid in all SH2 domains 

studied to date, indicating a very strong conservation. Mutation of arginine 337 to 

glycine in patient JP would therefore be predicted to prevent phosphotyrosine binding to 

the Btk SH2 domain, so disrupting the function of the protein, and producing the classical 

XLA phenotype found in this patient.

Patient 276, however, comes from a large pedigree with several affected males, where 

there is a considerable degree of heterogeneity of phenotype (Mensink et al. 1984; de 

Weers et al. 1994b). Some affected boys from this family have classical XLA while 

others appear to have almost normal levels of immunoglobulin. The mutation in this 

family is the substitution of arginine 288 by tryptophan. This residue, arginine aA2 

according to the nomenclature, is thought to simultaneously recognise the phosphate 

group, via hydrogen bonds, and the aromatic ring of the tyrosine residue, via an amino 

aromatic interaction. This could have an important effect on the conformation of the 

phosphotyrosine in the binding pocket (Waksinan et al. 1992), illustrated for the Src SH2 

domain in Figure 7.3b. Substitution of this residue by tryptophan could be proposed to 

destabilise the phosphotyrosine/SH2 domain interaction, without completely preventing 

binding, as this substitution results in the leaky XLA phenotype seen in this family.

The deletion of glycine 302 in patient AC results in a classical XLA phenotype. The 

exact function of this glycine in the SH2 domain is not known but it is highly conserved 

in other SH2 domains, suggesting that it has an important role. This residue is found in 

the AB loop connecting the a k  and /3B regions, both of which contain residues important 

for the formation of the phosphotyrosine binding pocket and is found five residues 

towards the N terminal of the highly conserved arginine 0B5. It is possible that this 

residue has a role in the orientation of the domain to form this pocket.

The SH2 domain amino acid substitution described by Saffran et al. ( 1994), tyrosine 361 

changed to cysteine, affects the second binding pocket of the domain (residue aB8) which 

has been shown to bind the residue located at the +3 position after the phosphorylated 

tyrosine. The three affected brothers described in this report have atypical XLA 

phenotypes, with B cells up to 2% of peripheral blood lymphocytes and some
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immunoglobulin. Methionine labelling experiments using EBV transformed B cell lines 

from these patients showed that Btk was produced at normal levels but immunoblotting 

showed that it had a much shorter half life than normal protein. This result suggests that 

either this mutation causes conformational instability of the protein, or that the binding 

of a phosphoprotein to the SH2 domain increases the stability of the protein and this 

binding is partially prevented by this mutation. A tyrosine to serine substitution has been 

reported at position 334 in the Btk SH2 domain (Hageman et al. 1994), at position ]8D5 

according to the SH2 domain nomenclature. This residue is also thought to be important 

in the binding of the +3 residue after the phosphotyrosine in the hydrophobic binding 

pocket, and substitution by serine may alter the interaction of the SH2 domain with the 

peptide. Mutation analysis of BTK has therefore shown the importance of SH2 domain 

interactions for Btk function.

7.11 SHI domains

SHI domains encode the amino acids forming the catalytic domain of the protein which 

is involved in phosphotransfer, and are reviewed in Hanks (1988). This 250-300 amino 

acid domain is conserved across the protein kinases and, in most single subunit enzymes, 

is found at the C terminus of the protein, with the N terminus containing the regulatory 

sequences. There are regions of high and low conservation throughout all the protein 

kinases, with the highly conserved regions encompassing the ATP binding and 

phosphotransfer regions, the autophosphorylation site and the substrate specific 

sequences. There are short amino acid sequences in the substrate specific domain 

characterising the serine/threonine kinases and the tyrosine kinases. Within the substrate 

specific domain of Src related tyrosine kinase proteins the characteristic sequence is 

HRDLRAAN, as a highly conser/ed motif. The proteins in the Btk subfamily have the 

sequence HRDLAARN at this position. The significance of this, if any, is not yet 

understood.
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Figure 7.3 Representation of the Src SH2 domain

(a) (b)

TyrjiDS

LeuBG4

GlyBG3

lle|5E4

Asp BG2 

Arg EF3 

ThrEF1

src insertion loop" 
CD

Lysl}D3

His ÜD4

Arg (iA2

Arg «B5

Lys»D6

Arg KD’1

phosphate binding loop 
BC

I’a t ic n l 2 7 6  

A r g  2 8 8  10 Trp

Arg I

/  I o ^ - ------------------------ UN [oiii

l l 2 — N ll 3 ^
c n  iTtir n r z

I .v s  p n o

lT .r  n C 3

P a lic n l J i’

A r g  3 0 7  U) G ly

Representations o f the Src SH2 domain taken from Waksman et al. (1993). (a) The molecular surface o f the Src SH2 domain bound to a YEEI peptide (to which the Src SH2 
domain specifically binds), with the peptide removed. The surface is coloured according to the local electrostatic potential - deep blue in the most positive regions and deep red 
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and important residues are identified by red arrows, including the Arg aA2 residue, altered in patient 276, and Arg /3B5, altered in patient JP. (b) Schematic diagram showing 
the predicted interactions in the phosphotyrosine binding pocket. The amino acid substitutions found in patient 276 and JP are indicated.



In this study, patients FM and TF were both shown to have amino acid substitutions in 

the kinase domain of Btk. The amino acid alteration in patient FM (section 5.3.2) is 

within the highly conserved motif responsible for the substrate specificity of the kinase 

reaction (HR*DLRAAN, with the asterix indicating the altered amino acid). Mutation 

of arginine 520 to glutamine in this patient would be predicted to disrupt this domain and 

may potentially result in Btk being unable to specifically phosphorylate proteins on 

tyrosine. This same mutation has since been described in an additional six individual 

XLA patients (Zhu et a l  1994b; Conley et al. 1994; Flageman et al. 1994), at least three 

of which have been shown to be unrelated.

Patient TF and his two brothers all have leaky XLA phenotypes. They were originally 

diagnosed as XLA on the basis of a non-random pattern of X-inactivation in the B cells 

of the obligate carrier mother (Alterman et al. 1993) and this diagnosis has been 

confirmed by the identification of a mutation in BTK. The mutation results in the 

substitution of alanine by aspartic acid at residue 607, near the C terminus of the protein 

(section 5.3.1). This is a non-polar to polar amino acid substitution and, while this is not 

a highly conserved residue, in Src and other related proteins this residue always appears 

to be non-polar. The mild phenotype seen in this family suggests that this residue is not 

in a region critical for the kinase function of the protein, but its substitution by aspartic 

acid is enough to partially disrupt the kinase activity. Partial disruption of the 

functioning of Btk in cases such as this will provide valuable insight in to the 

structure/function relationship of Btk.

Patient AP (section 5.3.1) was shown in this study to have a mutation resulting in a 

premature termination codon. This would lead to a truncated Btk protein lacking the 

twenty four amino acids at the C terminal. The severe XLA phenotype seen in this 

family would suggest that these terminal twenty four amino acids are critical for the 

stability or functioning of the protein.

Several other kinase domain mutations have been described (Vetrie et al. 1993c; 

Hageman et al. 1994; de Weers et al. 1994b; Conley et al. 1994; Ohta et al. 1994; Zhu 

et al. 1994b). The frequent detection of substiution of the two arginines at 520 and 525
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in the substrate specific domain as causes of XLA may indicate the relative importance 

of these residues in the function of the kinase. The R520Q mutation has been reported 

in six patients in addition to the one reported in this study (patient FM). The R525Q 

mutation has been reported in three publications, but the un related ness of the patients has 

yet to be established. Ohta et al. (1994) reported that the patients with this mutation have 

a less severe XLA phenotype, but the patient reported by Vetrie et al. (1993) had the 

classical XLA phenotype. This could suggest that the individual’s genetic background 

and/or previous medical history could be influential on the severity of the XLA defect.

7.11 Summary of the spectrum of mutations known to cause XLA

Recent publications have now brought the number of described mutations in BTK in XLA 

patients, including the ones described in this study, to eighty-one (Vetrie et al. 1993c; 

de Weers et al. 1994b; Zhu et al. 1994b; Zhu et al. 1994a; Saffran et al. 1994; Ohta et 

al. 1994; Hageman et al. 1994; Conley et al. 1994; Duriez et al. 1994). Several studies 

have used RT-PCR and DNA sequence analysis to define the mutations (Vetrie et al. 

1993c; Saffran et al. 1994; de Weers et al. 1994b), while other studies have used 

screening methods - SSCP analysis using the BTK cDNA (this study) and the BTK 

genomic sequence (Conley et al. 1994; Ohta et al. 1994), and dideoxy fingerprinting 

(Zhu et al. 1994b). Of these eighty-one mutations, thirty-four are amino acid 

substitutions (twenty-one different substitutions), sixteen are premature stop codons, three 

disrupt the initiation of translation codon, fifteen are small insertions or deletions and 

thirteen result in splicing errors. These results, taken with the approximate 10% of XLA 

patients who have genomic deletions encompassing all or part of the BTK gene, indicate 

that the mutations which cause XLA are highly heterogeneous. Premature terminations, 

splicing errors and other nucleotide changes which put translation out of the correct 

reading frame will all cause major structural changes to the protein leading to lack of 

function. Amino acid substitutions causing disease, however, provide much more 

information on the important residues and domains in the protein. If these substitutions
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can be correlated with protein function and disease phenotype then much can be learnt 

about the role of Btk in B cell development.

Six single nucleotide changes causing amino acid substitutions have now been found in 

more than one patient; R28H (de Weers er a l  1994b; Ohta et al. 1994; Zhu et al. 

1994b), T33P (Genevier et al. 1994a; Zhu et al. 1994b), R520Q (Zhu et al. 1994b; 

Conley et al. 1994; Hageman et al. 1994; this study), R525Q (Ohta et al. 1994; Vetrie 

et al. 1993c; Zhu et al. 1994b), R562W (Conley et al. 1994; Hageman et al. 1994) and 

M630K (Conley et al. 1994; Hageman et al. 1994). There appears to be a mutational 

"hotspot" at amino acid position 520 - seven patients, at least three of whom are reported 

to be unrelated, have the same mutation (CGA->CAA) which alters the arginine to a 

glycine this study. Three patients have a different nucleotide alteration at this codon 

(CGA-^TGA) which results in a premature stop codon (Zhu et al. 1994b; Hageman et al. 

1994; Conley et al. 1994). Both of these alterations would be caused by the deamination 

of the methylated cytosine residue in the CpG dinucleotide, resulting in T/G mispairing 

and the consequent fixing of the mutation at DNA replication.

7.12 The role of Btk

Protein phosphorylation is a major mechanism of enzymatic control and signal 

transduction in the cell and, although phosphorylation of serine and threonine residues 

make up 95% of the phosphorylated protein in a cell, tyrosine phosphorylation has been 

shown to play a critical role in signalling pathways from several B cell surface molecules, 

including the BCR (reviewed in Pleiinan et al. 1994). Triggering of the antigen specific 

receptors initiates a series of biochemical cascades, the earliest of which is the 

phosphorylation of proteins on tyrosine. The BCR does not have intrinsic tyrosine kinase 

activity and must therefore utilise the activity of recruited cytoplasmic tyrosine kinases. 

Studies using kinase inhibitors have shown that all known downstream events in signalling 

and biological responses are dependent on PTK activity.

The importance of Btk in the development of B cells and their immune response has been
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unequivocally demonstrated by the identification of mutations in the BTK gene in XLA 

patients, suggesting a uniquely important role for this protein. The definition of this role 

in B cells, and in the other haematopoietic lineages in which Btk is expressed, however, 

has yet to be elucidated. The XLA defect appears to be limited to the B cell lineage, as 

XLA patients appear to have normal macrophage function, and seems to cause a block 

in B cell differentiation at the pre-B cell stage of development. The expression of the 

gene from the pro-B cell stage to the mature B cell stage, however, and its absence in 

fully differentiated plasma cells, suggests that Btk may function at more than one stage 

of development. As Btk is a non-receptor tyrosine kinase and has such a critical role in 

the development of B cells, it is highly likely that it functions in one or more B cell 

signalling pathways.

A number of papers have reported the beginnings of the investigation into Btk function. 

Cross-linking of surface IgM on B cells has been shown by three laboratories to result 

in the activation of Btk (de Weers et al. 1994a; Saouaf et al. 1994) in Daudi and Ramos 

cells (Burkitf s lymphoma cell lines) and in normal tonsillar B cells. Studies indicated 

that cross-linking of surface IgM resulted in a significant increase in Btk phosphorylation, 

predominantly on tyrosine residues, but also on serine and threonine residues (de Weers 

et al. 1994a). An increase in Btk kinase activity was shown using immunoprecipitated 

Btk, suggesting that the increase in phosphorylation was, at least in part, due to 

autophosphorylation. This association of Btk with signalling pathways initiated at the 

BCR suggests a role for Btk in the response to antigenic stimulation of mature B cells. 

The XLA defect becomes evident, however, at the pre-B cell stage before the expression 

surface IgM. Pre-B cells express a small amount of ijl on the cell surface in association 

with surrogate light chains Igof and Ig/?, as the pre-B cell receptor. The low level of 

expression of the pre-B cell receptor prevented the analysis of Btk activation on cross- 

linking of this receptor.

The structural basis by which signals from the BCR are transmitted in B cells has begun 

to be elucidated and is reviewed in Pleiman et al. (1994). The initial reactions are very 

complex, but have been shown definitively to involve PTK activation. Syk has been 

shown to associate with the short cytoplasmic tail of the ju chain of the BCR in resting
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B cells. The Src family kinases Fyn, Lyn and Blk are thought to bind to the antigen 

recognition activation motif (ARAM) of Iga in resting cells via the first ten amino acids 

of the kinase molecule. On activation of the BCR, the ARAM motifs of Igce and Ig|8 

become phosphorylated on tyrosine and the Src family kinases then bind in a 

phosphotyrosine dependent manner via their SH2 domains, with the concomitant release 

of the N terminal binding mechanism. The N terminal region of these kinases is then 

free to participate in other interactions. The SH3 domains of the Src family kinases Hck, 

Fyn and Lyn have been shown to bind to the proline rich sequences in the Tec homology 

domain of Btk. These interactions are specific and do not occur with the SH3 domains 

of other Src related tyrosine kinases (Cheng et a l  1994; Yu er al. 1994). This suggests 

a mechanism by which Btk could associate with Src family kinases that are known to 

associate with the BCR in resting B cells, linking Btk into the BCR signal transduction 

pathways.

The cross-linking of the high affinity IgE receptor (Fc, RI) on mast cells results in the 

phosphorylation on tyrosine of several PTKs, including Lyn, Yes, Src and Syk. 

Kawakami et a l (1994) have reported that Btk can be added to this list and that, after 

cross-linking, a fraction of Btk can be found at the plasma membrane. No direct 

association with the receptor itself could be detected. The same group have recently 

shown that the Btk PH domain is constitutively associated with PKC in mast cells (Yao 

et a l  1994). The interaction results in Btk becoming phosphorylated on serine and 

downregulated. This suggests a role for Btk in a second signal transduction pathway.

Taken together, these results suggest a role for Btk in at least two surface-receptor 

coupled signal transduction pathways. Btk is probably not constitutively associated with 

membrane receptors, but may associate with another member of the Src family. 

However, no critical role has yet been assigned to Btk in pre-B cell development. 

Expression of the gene throughout B lineage development and in other haematopoietic cell 

lines, suggests that Btk may be involved in multiple signalling pathways at more than one 

stage of B cell development. The further study of proteins interacting with Btk in the cell 

will help in the elucidation of the role of this protein in signal transduction.
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7.13 Fulfilment of the aims of this study

The aims of this study were as follows:

•  To generate a Y AC contig across the XLA critical region

•  To use cDNA enrichment to isolate the gene responsible for XLA

•  Once isolated, to identify mutations in the gene in XLA patients

•  To further analyse the gene and the protein and their links with disease

During this study fourteen Y AGs from the Xq22 region were selected and sized. The 

generation of YAC insert end probes allowed these Y AGs to be mapped into a contig of 

over 2.5Mb spanning the XLA critical region from DXS442 to DXSIOI. Only one YAG 

spanned the proximal area of this region, however, and this YAG was later found to have 

an interstitial deletion. The mapping of this contig allowed the orientation of DNA loci 

in the region and facilitated the selection of a YAG to use to identify candidate genes for 

XLA. Magnetic bead technologies were used to immobilise YAG DNA and cDNA 

enrichment was used to identify transcribed sequences from the region. After the gene 

responsible for XLA was identified (Vetrie et aJ. 1993c; Tsukada et al. 1993), eighteen 

XLA patients were analysed for mutations. Fifteen mutations were identified including 

splice site mutations, premature stop codons, small insertions and deletions, amino acid 

substitutions and disruptions of the initiation codon. Some of these mutations were found 

to be in the predicted functional domains of the protein (in the PH domain, the SH2 

domain and the kinase domain) permitting speculation on the functional effects of the 

mutations. BTK mutation analysis was shown to result in improved carrier determination 

in families affected by XLA. The involvement of BTK in other disease phenotypes, 

including "xid-Wke" disease, hypogammaglobulinemia and B cell leukaemia, was assessed 

but no evidence was found to suggest any association. An initial study of the mutant Btk 

protein from three XLA patients showed, in one case, that a mutation in the SH2 domain 

of the protein does not appear to affect kinase function and that in two cases, the protein 

appeared to be unstable.
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7.14 Future work

The mutations in BTK presented here provide the starting point of an investigation into 

Btk protein function and the defects which cause XLA. The premature terminations and 

mutations which result in the Btk protein being translated in the wrong reading frame will 

produce gross changes in the protein structure, leaving it without function. The amino 

acid substitutions and other changes which leave the protein in frame, however, provide 

much more information into the structure/function relationship of the protein. Further 

studies of these mutant proteins, in the form of expression and stability studies and in 

vitro kinase assays, will further clarify the postulated basis of the disease in these 

patients. Further analysis of BTK from the patients with the leaky XLA phenotypes will 

be especially important in the elucidation of the function of Btk in the B cell. A 

reduction in kinase activity or binding of another protein resulting from a specific amino 

acid substitution furthers our knowledge of the residues involved in these processes.

It has already been established that Btk functions in one or several B cell signalling 

pathways. To fully elucidate the role of Btk in these pathways, it will be important to 

identify proteins which interact with Btk. Studies are underway in this laboratory to 

identify such proteins using glutathione-S-transferase fusion proteins containing the N 

terminal domain, the SH3 domain and the SH2 domain of Btk. These experiments could 

also be approached using the yeast two hybrid system (reviewed in Fields & Stemglanz, 

1994). This technique is based on the creation of two fusion proteins; one with the 

protein of interest fused with a DNA binding domain of a transcriptional activator, and 

the other created from cDNA containing genes which may encode proteins interacting 

with the target protein library fused to the activation domain of a transcriptional activator. 

Interacting proteins will then result in the activation of transcription of a reporter gene. 

Isolation of proteins interacting with Btk will be an important part of the elucidation of 

the role of Btk. The specific binding of proteins to the different domains of Btk may be 

prevented by the use of fusion proteins containing amino acid substitutions found in Btk 

in XLA patients. This may then implicate certain residues in protein-protein interactions. 

GST-SH2 domain fusion proteins containing the amino acid substitutions found in patients 

JP and 276 (section 5.3.4) have already been constructed (G.Cory and R.Lovering,
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personal communication). Identification of the critical interactions involving Btk 

occurring in the cell will further elucidate the role of Btk in the pathogenesis of XLA.

Over-expression of Btk and the expression of mutant Btk proteins in cell lines ftijn.y 

provide a useful tool for studying the function of Btk. The study of Btk activity, the 

pattern of phosphorylated proteins found after the stimulation of different cell surface 

molecules and the identification of proteins interacting with Btk in these cell lines will 

then add to knowledge on the molecular basis of XLA.

Btk knock-out mice may help to further elucidate the relationship between human XLA 

and mouse xid. Mice with deletions of part of the PH domain and of the ATP binding 

site have already been generated (P.Sideras, personal communication). The phenotypic 

consequences of these deletions are still being assessed. The differences in phenotype 

between XLA and xid appear to be due to different mechanisms of B cell ontogeny in 

humans and mice, respectively, as very similar amino acid substitutions at the same 

residue produce different phenotypes in each species. It appears, therefore, that the 

mouse is not a good animal model of XLA.

7.15 Implications for the treatment and potential cure of XLA

Fast and reliable carrier detection will be available to some women who may be carriers 

of XLA as a result of mutation detection in the BTK gene. This will allow genetic 

counselling to be based on more accurate information. Pre-natal diagnosis and early 

disease detection will allow administration of prophylactic antibiotics and intravenous 

immunoglobulin before the patient suffers from infection. The treatment for XLA, 

however, will not change due to the identification of the gene. In the future, the idea of 

gene therapy as a cure for XLA is very appealing. The insertion of a correct copy of the 

gene into stem cells in the bone marrow has already been attempted for adenosine 

deaminase deficiency, and is theoretically possible for XLA. It must first be established, 

however, that over expression of Btk will not result in the unregulated growth or 

differentiation of B cells. Studies of leukaemia patients have not yet shown any link with
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Btk over-expression or mutations in the gene. It must also be established that mutant Btk 

proteins do not act in the dominant-negative fashion seen for some other proteins 

(Herskowitz, 1987). In these cases, the correct function of an introduced protein is over­

ridden by the presence of a mutant protein. Gene therapy for XLA remains in the future, 

but once the gene therapy technologies are fully established, it may become a reality.
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APPENDICES

Appendix I DNA probes used in this study

Locus Probe Washing
Conditions

Reference

DXS3 pi 9-2 1 X SSC Bruns et al. 1982

DXS366 RX329 0.5 X SSC Barker et al. 1991

DXS442 RX276 1 X SSC Barker et al. 1991

GLA GLx6 0.5 X SSC This study

5D8 5D8 0.5 X SSC Vetrie et al. 1993

BTK 7C11 0.5 X SSC Vetrie et al. 1993

BTK 6G11 0.5 X SSC Vetrie et al. 1993

DXS178 p212XT 0.5 X SSC Lovering et al. 1993a

DXS178 212PCR 1 X SSC This study

DXS265 pKZ033H4 1 X SSC Dietz Band et al. 1990

DXSlOl GPS I X SSC O'Reilly gr aZ. 1993

DXSlOl B1.4 1 X SSC O’Reilly et al. 1993

DXSlOl CX52.5 3 X SSC Hofker et al. 1987
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Appendix II Clinical details of patients

Patient Diagnosis B cells IgG IgA IgM Family Comments

BB XLA <1% 0.21
(5.4-16.1)

undetectable 0.36 
(0.5-1.8)

no history

SB XLA <1% n/a n/a n/a 3 brothers/2 affected

LT XLA n/a n/a n/a n/a

JG XLA <1% 11.98* 0.04 
(0.8-2.8)

<0.07 
(0.5-1.9)

4 brothers/3 affected

CAB XLA n/a n/a n/a n/a large pedigree 
affected cousin

FGV XLA <1% n/a n/a n/a

NAD XLA <1% 7.36* 0.15
(0.3-1.2)

<0.08
(0.5-2.2)

1 affected brother

276 XLA n/a n/a n/a n/a Mensink gf rt/. 1984 
de Weers e? a/. 1994

AC XLA n/a n/a n/a n/a maternal-side 
uncle died young

JP XLA <1% <1.0 <0.2 <0.1 sporadic

FM XLA n/a n/a n/a n/a 2 brothers affected

TF XLA 1% 8.09
(4.9-16.1)

0.46
(0.4-2.0)

0.25
(0.5-2.0)

brother of JF and KF IgGl 488 (280-900) 
IgG2 <3 (59-251) 
IgGB 30 (38-78) 
IgG4 12(7.5-26)



JF XLA <1% 3.84
(3.7-15.8)

0.16
(0.3-1.3)

0.22
(0.5-2.2)

brother of TF and KF IgGl 204 (315-759) 
IgG2 <3 (61-255) 
lgG3 <2 (23-80) 
Ig04 <2(6-26)

KF XLA 2% 4.00 
(2.1-7.7)

<0.03
(0.05-0.4)

0.07
(0.15-0.7)

brother of TF and JF

AJ XLA <1% n/a n/a n/a sporadic

CHD XLA <1% n/a n/a n/a

AP XLA <1% 1.2
(63-160)

1.0
(25-117)

5.2
(50-220)

3 brothers/3 affected 
Mother non-random

U/ml

OS IgG A 
deficiency

n/a
normal

6.76
(3.1-13.8)

0.15 
(0.3-1.2)

0.98 
(0.5-2.5)

two brothers died of 
infections/ 2 healthy 

sisters

no IgGl or lgG2 
response after 

immunisation to 
pneumoccocal 
polysaccharide

RF IgA and IgG2 
& 4 subclass 

deficiency

n/a
normal

4.73
(3-10.9)

0.17
(0.2-0.7)

0.54 
(0.6-2.1)

brother died of 
infection /

2 sisters healthy

no IgGl or IgG2 
response after 

immunisation to 
pneumococcal 
polysaccharide

DW Hypoy 5% n/a 0.06 
(0.3-1.2)

0.08
(0.5-2.2)

Normal ranges for immunoglobulin measurements shown in brackets. * indicates patient receiving gammaglobulin therapy when measurement taken. XLA diagnoses made on 
the basis of a lack of B cells and normal cell mediated immunity. All immunoglobulin measurements in g/L unless otherwise stated, except of IgG subclass measurements which 
are in mg/dl. n/a indicates data not available.
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Appendix IQ Summary of restriction fragments from YAC 178-2 

(a) partial restriction fragments

Fragment YAC R DXS DXS 5D8 BTK GLA YAC L
size (kb) end 366 442 6G11 end

565 + + + - - - -

515 - + + - - - -

490 - + + - - - -

480 - o + 0 + + +

420 - + + - - - -

410 + - - - - - -

375 - + - - - - -

370 - - + + + + +

325 - - - + + + +

250 - + + - - - -

245 - - - + + + -

220 - - - + + -f -

195 - - - + + + +

165 - - - + + + +

155 - + + - - - -

155 - - - + + + +

145 + - - - - - -

140 - - + - - - -

110 - + - - - - -

90 - - - + + + -

80 - - - + + - -

75 - - - - - + +

65 - - - - - ( + ) ( + )

45 - - + - - - -

40 - - - + + + -

30 - - - - 1- + - -

10 (+ ) - - - - ( + ) ( + )
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(b) Sfil partial restriction fragments

Fragment YAC R DXS DXS 5D8 BTK GLA YAC L
size (kb) end 366 442 6G11 end

nd - - + * - - - -

nd - - + * - + * - -

405 (+) - ( + o + 0) -

355 - + + - - - -

345 + - - - - - -

315 - - - 0 + 0 -

300 - - + - - - -

280 - 4- + - - - -

260 - - - + + + +

235 - - - + + + +

210 + - - - - - -

205 - - - + + + +

180 + - - - - - -

160 - + + - - - -

155 - - - + + + +

130 - - + - - - -

110 + - - - - - -

105 - - - ■ + + + -

50 ( + ) - - - - - ( + )

30 - + - - - - -

10 - - - - - - +

+ indicates a fragment hybridising to the probe specific for the indicated locus on Southern blot analysis and - 
indicates no hybridisation. Brackets indicate common fragments when coincidental fragment sizes are suspected. 
* indicates that the data was incomplete due to faint hybridisation signals and that these data were not included in 
the proposed restriction digest map. o indicates that the hybridisation signal was very faint but the band was taken 
to be present on the basis of other data, nd indicates not determined.
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ABSTRACT

Genetic linkage analysis has been instrumentai in mapping  
the gene for X-linked agammaglobulinemia (XLA) to the 
proximal long arm o f the human X chromosome, to Xq22. 
Due to the relative rarity o f this disease the localization o f  
the gene within Xq22 has remained im precise. VVe have 
investigated twenty-nine families affected by XLA and have 
found no recombinants with the D XSI78 locus in over 30  
informative meioses. DXS178 is now the most reliable and 
informative locus for use in pre-natal diagnosis and carrier 
detection o f XLA. In addition, we have identified new closely 
linked proximal and distal flanking markers for XLA, 
DX5442 and D X SlO l, respectively. These loci are separated  
by 2cM , considerably reducing the extent o f DNA within 
which the XLA locus can be contained. This will open up the 
way for more directed positional cloning efforts for the 
isolation o f the XLA gene.

INTRODUCTION

X-linked agammaglobulinemia (XLA) is a rare immunodeficiency 
disorder, whereby affected boys have no circulating antibodies 
and thus, no humoral imm unity. Since the nature o f  the protein 
product o f  the X L A  locus is not known, attempts are being made 
to identify the gene by positional cloning. N o  X L A  patients have 
been identified w ho have cytogenetic abnorm alities or w ho are 
deleted for any o f  the closely linked markers, thus genetic linkage 
analysis has proved to be the m ost useful first step in this process.

G enetic linkage analysis o f  affected pedigrees has revealed an 
overall consensus order o f  loci in Xq22 as; cen -D X S 3-(X L A , 
D X S l7 8 )-D X S 9 4 -D X S I7 -te l, where there are no recombinations 
between the disease and the D X S 178 locus in over 30  informative 
m eioses to date’-̂ . This map has recently been extended to 
include additional markers. A  preliminary study show ed no 
recom binations between D X S 265 , D X S 327 , D X S 366 , D X S442  
and the X L A  locu s in the nine inform ative fam ilies studied^. 
Since D X S265  lies within 5kb o f  D X S  178, and is in linkage 
disequilibrium with this locus'*, it would not be expected to show  
recom bination with the disease. The D X S lO l locus lies within 
I M b o f  D X S 178 but has not so far been placed proximal or distal

relative to D X S 178 and has been demonstrated not to have 
recom bined with X L A  in ten inform ative meioses^ *.

The localization o f  these additional loci in Xq22 was determined 
in a genetic linkage study o f  tw o Alport syndrom e fam ilies, 
fam ilies known to be defective in the C 0 L 4 A 5  gene which lies  
distal to D X S 17^. This study gave the follow ing order o f  loci: 
cen-D X S 3-D X S366-D X S442-D X S 10 1 -D X S 17-DX S358-tel, with 
D X S 94 , D X S 178, D X S265 and D X S 327 unplaced on this map 
but lying between DX S442 and DXS358^. Physical mapping o f  
the breakpoints in hybrid cell lines assigned the D X S94, DX S 178. 
D X S265 and D X S 327 loci to the same interval as D X S 17, 
D X S lO l, D X S366 and D X S442, placing them all between D X S3  
and C O L 4A 5’ .

W e have now studied a total o f  twenty-nine XLA fam ilies, 
consisting o f  4 77  individuals, using these markers. This is the 
largest genetic linkage study o f  X L A  families to date and uses 
three new markers which have not previously been em ployed  
in multipoint analysis with X L A  (D X S lO l, D X S 366 and 
D X S 442). Data obtained from this study have allow ed us to 
construct a refined genetic map o f  this region: cen -D X S 3-  
D X S 3 6 6 -D X S 4 4 2 -(D X S 1 7 8 ,  D X S 2 6 5 , X L A )-D X S I 0 1 -  
D X S 9 4 -D X S I7 -te l, with the D X S 327 locus mapping distal to 
D X S 178. This genetic map identifies two new flatiking markers 
for the X L A  locus: D X S ^ 2  as the closest proximal flanking 
m arker and D X S lO l as the closest distal flanking marker. 
These two markers are separated by a genetic distance o f  2cM^.

RESULTS AND DISCUSSION 
Tw o point LCD scores
T w o point lod scores betw een X L A  and eight loci are presented 
in Table 1. M arker-marker tw o point lod scores have been  
submitted to G D B . D X S 265 was not included in this study since  
it lies within 5 kb o f  D X S 178  and is in alm ost com plete linkage  
disequilibrium with this locus'*. The marker-marker and marker- 
disease recom bination events are show n schem atically in 
Fig. I. E leven recombinant chrom osom es were identified in this 
study and w e could recognise the X L A  status o f  the recombinant 
chrom osom e in four o f  these cases (chrom osom es 3 , 7 , 8 , 11,

' T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  b e  a d d r e s s e d
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T a b l e  1 .  T w o - p o i n t  l o d  s c o r e s  b e t w e e n  X L A  a n d  8  l o c i  in  X q 2 2

X L A D X S 3 D X S 3 6 6 D X S 4 4 2 D X S  1 7 8 D X S l O l D X S 9 4 D X S  17 D X S 3 2 7

Z |t u i 8 . 9 0 8 .3 2 6 . 1 9 1 0 .4 8 9 . 0 7 9 . 5 0 1 0 .9 6 9 .1 1
0 . 0 4 0 .0 4 0 . 0 3 0 . 0 0 0 .0 2 0 . 0 0 0 . 0 2 0 . 0 0

9 l o d  s c o r e
0 . 0 0 0 - 1 8 8 . 8 2 - 1 9 2 . 7 5 - 9 2 . 3 9 1 0 .4 8 - 9 0 . 5 6 9 . 5 0 - 8 7 . 6 3 9 .1 1
0 .0 0 1 6 . 6 4 5 . 9 4 5 . 1 9 1 0 .4 6 8 .2 2 9 . 4 8 1 0 .1 4 9 . 0 9
0 . 0 1 0 8 .4 2 7 .7 5 6 . 0 4 1 0 .2 7 9 .0 1 9 . 3 0 1 0 .9 2 8 . 9 3
0 . 0 5 0 8 . 8 3 8 . 2 9 6 . 0 7 9 . 4 0 8 . 7 6 8 . 4 9 1 0 .5 9 8 . 1 9
0 . 1 0 0 8 . 2 0 7 . 8 0 5 .5 1 8 . 2 6 7 . 8 6 7 .4 5 9 . 5 7 7 . 1 9
0 . 2 0 0 6 . 2 2 6 . 1 0 4 . 0 3 5 . 8 9 3 .7 2 5 .3 6 7 .1 4 5 . 0 4
0 . 3 0 0 3 . 9 5 4 . 0 7 2 . 4 8 3 . 5 2 3 .4 6 3 .3 1 4 . 4 9 2 . 8 0
0 . 4 0 0 1 .7 4 1 .9 3 1 .0 6 1 .4 2 1 .3 3 1 .4 5 1 .8 8 0 . 9 9

M a x i m u m  lo d  s c o r e  ( Z ^ )  a t  m a x i m u m  l i k e l i h o o d  e s t i m a t e  ( M L E )  o f  t h e  r e c o m b i n a t i o n  f r a c t i o n  ( # n ^ ) .

Fig. 1). T w o loci which had previously not been mapped with  
respect to X LA have shown recombination with the disease locus. 
A proximal recombination event with D X S 366  and D X S442  is 
shown by chrom osom e 8 , while a distal recom bination is shown  
with D X S lO l by chrom osom e 11.

DX S 178 is the m ost accurate marker available for carrier 
detection and pre-natal diagnosis (PN D ) for X L A  since  
cumulative data have narrdwed the 95%  confidence interval to 
within 3% recombination on two point analysis alone. W ith these 
and other data' - , the total cum ulative lod score between XLA  
and DXS 178 now stands at over 21 with no recombinations found 
in 70  m eioses. The probe 212X T  (at the D X S 178 locus) is a 
useful marker for clinical application since it detects an RFLP  
with 44% heterozygosity which results in a high proportion o f  
informative fem ales. Furthermore, with the highly informative 
CA repeat polym orphism s recently described at this locus'^ '**, 
the majority o f  women wishing for carrier assessm ent should now  
be informative for one or other o f  these polym orphism s. Should  
flanking loci be required for assessment o f  carrier status and PN D  
in affected fam ilies then there are now six c lose ly  linked RFLPs 
available. Based on our data and additional data'~^, the 
cumulative two point lod score between X L A  and D X S3 is 15.06  
(5 = 0 .0 5 ) ,  between X LA and D X S94 is 11 .26  (5 = 0 .0 5 )  and 
between X L A  and D X S 17 is 13.04 (5 = 0 .0 5 ) .  C um ulative two  
point lod scores between X L A  and new markers in X q 22 are 
as follow s: X L A -D X S 366 , lo d =  12.57 (at 5 = 0 .0 5 ) ;  X L A -  
D X S 442 lod =  7 .55  (at 5 = 0 .0 5 ) ;  X L A -D X S327  lo d =  11.62 (at 
5 = 0 ) .  This study supercedes those o f  M alcolm  et al. and Lau 
et al.

Marker locus order within Xq22
For the multipoint linkage analysis with X L A  the order o f  loci 
in the Xq22 region had first to be fixed. From an extensive genetic 
and physical mapping study o f  loci near the X -linked Alport 
syndrom e locus (C O L 4A 5)’ the order o f  som e o f  the loci used  
in this study could be fixed as: cen -D X S 3 -3 cM -D X S 3 6 6 -lcM -  
D X S442-2cM -D X S  101-1 cM -D X S 17-tel. H ow ever, the loci 
D X S 9 4 , D X S  178 and D X S 327  were not placed in this study, 
other than being between D X S3 and CO L4A5^. The D X S 94  
locus was placed proxim al to D X S 17 on the basis o f  a single  
recom bination event’ . Our physical mapping data suggests that 
D X S 94  is distal to D X S lO l as the D X S 17 and D X S 94  loci lie 
on the same 2 .7  M b Mlul fragment which does not contain the 
D X S lO l lo c u s ® -S in c e  w e observed no recombinants between  
D X S94 and its flanking loci, D X S 17 and D X S lO l, w e placed

10 11
D X S 3

Dj(S366 O O 
DXS442

DXSlOl O  

DXS94 

DXS 17

DXS327

Figure I. R e p r e s e n t a t i o n  o f  r e c o m b i n a n t  c h r o m o s o m e s  in  X L A  f a m i l i e s .  
I n f o r m a t i v e  lo c i  a r e  r e p r e s e n t e d  b y  c i r c l e s .  F i l l e d  o r  e m p t y  c i r c l e s  c o r r e s p o n d  
t o  lo c i  d e r i v e d  f r o m  o n e  o r  th e  o t h e r  o f  th e  m a t e r n a l  X  c h r o m o s o m e s .

it in the m iddle o f  this interval. The revised map: cen -D X S 3-  
3 c M -D X S 3 6 6 - lc M -D X S 4 4 2 -2 c M -D X S 1 0 1 -0 .5 c M -D X S 9 4 -  
0 .5 cM -D X S l7 -te l was then used to estim ate the position o f  the 
D X S 178 locus using the LIN K M AP section o f  L IN K A G E ". 
D X S 178 was mapped at the midpoint within the interval between  
the D X S 442 and D X S lO l loci with the highest m ultipoint lod 
score o f  14.25 and a significantly greater likelihood ( >  10*) than 
any other interval except distal to D X S 17. Since other data from  
this region clearly places D X S 178 proximal to D X S 17^-’ , the 
loci order D X S 442-IcM -D X S  178-1 cM -D X S  101 was fixed for 
further analysis. U sing the LIN K M A P program the D X S 327  
locus was found to lie distal to D X S  178 with the greatest 
probability (odds >  10^) and with a multipoint lod score o f  15.5  
at D X S lO l. H ow ever, since w e observed no recom binations 
between this locus and loci distal to D X S178, in the chrom osom es 
studied, its position could not be further refined within the map 
and so it was omitted from further analysis. The final order o f  
loci for analysis with XLA was: cen -D X S 3-3cM -D X S 366-  
l c M -D X S 4 4 2 - lc M -D X S l7 8 - lc M -D X S 1 0 1 -0 .5 c M -D X S 9 4 -  
0.5cM -D X S 17-tel.

M ultipoint linkage analysis with XLA

The position o f  X LA on the fixed order map relative to seven  
loci from Xq22 has been determ ined. The m ost likely position  
for X L A  is at D X S 178 with which it g ives a multipoint lod score
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o f  21 .6 . The odds in favour o f  this position over all other positions 
are > 10^  except for its next m ost likely position IcM  distal to 
D X S 17 where they are >  10^. H ow ever, the consensus genetic  
map rules out X L A  being distal to D X S17' ^ R e c o m b in a t io n s  
with D X S 442  and D X S lO l (chrom osom es 8 and 11, F ig. 1) 
identity these loci as the c losest proximal and distal flanking 
markers respectively. The order o f  loci in this region is now; 
c e n -D X S 3 -D X S 3 6 6 -D X S 4 4 2 - (D X S 1 7 8 ,  X L A )-D X S 1 0 1 -  

1 D X S94-D X S17-tel.
The results o f  this study suggest that all further efforts to 

identity gene candidates for XLA should concentrate on the region 
between D X S 442 and D X S lO l. Estim ates for the genetic  
distances between loci in this region vary quite considerably. 
Although the genetic distance between the.previously identified  
flanking markers, D X S3 and D X S 9 4 , was estim ated to be 
1 1.5cM -, this was within an overall genetic map in which the 
distance between the D X S3 and D X S 17 loci was 15cM . ILINK  
analysis o f  the data presented here suggests a distance o f  12cM  
between D X S3 and D X S17. H ow ever, a much larger study by 
Barker et aP which maps several new loci within this interval 
estim ates this distance to be only 7cM . It is within this map that 
the new flanking markers D X S 442 and D X S lO l, separated by 
2cM , are placed. S o , while it is difficult to directly com pare the 
genetic distance between the previous flanking markers for the 
X LA locus with the distance between the new flanking markers 
identified in this study, it is clear that the new flanking markers 
for XLA considerably reduce the genetic distance over which 
the XLA locus can lie.

The distance between the closest flanking markers for X L A , 
D X S442 and D X S lO l. define the confidence interval for XLA  
at D X S178. The genetic distance between D X S442 and D X SlO l 
is estimated as being 2cM  by a large study o f  two fam ilies with 
Alport syndrom e’ . W hile our ILINK analysis estim ates this 
distance to be som ewhat larger at 4cM . w e have used 2cM  in 
the multipoint analysis since it is derived from a larger body o f  
data. As there appears to be som e discrepancy in the estim ates 
o f  the genetic distance between D X S442 and D X S lO l, we are 
using the 95% confidence interval o f  3% recombination between  
X LA and D X S 178 obtained by two point linkage analysis for 
clinical application. The physical extent o f  this region is not 
known but is likely to be in the o r d e r o f 2 —2.5M b since w e  have 
now  constructed a 2 .5M b  Y A C  contig w hich spans the region  
between D X S 366 and D X S lO l (unpublished observations) and 
the distance between D X S 366 and D X S 442 is know n to be less 
than 250kb'®. The genetic and physical mapping o f  this region  
o f  X q22 opens up the way for m ore directed clon ing efforts for 
this gene and will allow  the rapid assessm ent o f  candidate genes 
for X L A .

MATERIALS AND METHODS
F a m i l i e s
B lo o d  s a m p l e s  w e r e  c o l l e c t e d  In  E D T A  f o r  t h e  p r e p a r a t i o n  o f  D N A  f r o m  
i n d iv id u a l s  in  2 9  f a m i l i e s  a f f e c t e d  b y  X L A .  T h e  a f f e c t e d  b o y s  in  e a c h  f a m i ly  
w e r e  id e n t i f ie d  a s  h a v in g  X L A  b y  th e  c h a r a c t e r i s t i c  a b s e n c e  o r  v e r y  l o w  c i r c u l a t i n g  
l e v e l s  o f  a l l  im m u n o g l o b u l i n  i s o t y p e s  a n d  B  l y m p h o c y t e s .  W e  in c l u d e d  a l l  th e  
X L A  f a m i l i e s  w e  h a d  a c c e s s  t o  in  th e  l i n k a g e  a n a l y s i s ,  a s s u m i n g  a  m u t a t i o n  r a t e  
o f  5  X I 0 “ ® f o r  t h e  X L A  g e n e .  I n  w o m e n  w h e r e  a  r e c o m b i n a t i o n  w a s  o b s e r v e d ,  
p a t e r n i t y  w a s  c h e c k e d  u s i n g  t h e  D .X S 2 5 5  h y p e r v a r i a b l e  p r o b e  M 2 7 /3 * .

P r o b e s
T h e  p r o b e s  u s e d  in  t h i s  s t u d y  w e r e :  p i 9 - 2  ( D X S 3 ) .  R X 3 2 9  ( D X S 3 6 6 ) .  R X 2 7 6  
( D X S 4 4 2 ) .  2 I 2 .X T  ( D X S 1 7 8 ) .  p K 2 0 3 3 H 4  ( D X S 2 6 5 ) .  B I . 4  ( D X S l O l ) .  p X G - 1 2  
( D X S 9 4 ) .  p S 2 l / S 9  (D .X S 1 7 )  a n d  3 2 7 M  ( D X S 3 2 7 )  a n d  a r e  l i s t e d  in  D a v i e s  et 
o f . 70 . u n l e s s  s t a t e d  o t h e r w i s e .  W e  u s e d  t h e  B I . 4  p r o b e  t o  d e t e c t  t h e  D X S l O l

R F L P  in s t e a d  o f  t h e  m o r e  c o m m o n l y  u s e d  c X 5 2 . 5  p r o b e .  T h i s  1 . 4 k b  BamHl 
f r a g m e n t  w a s  i s o l a t e d  f r o m  a  c o s m i d  w h i c h  c r o s s - h y b r i d i z e s  t o  s e v e r a l  D X S l O l  
s p e c i e s  i n c lu d in g  t h e  Mspl R F L P  a n d  d e t e c t s  l e s s  b a c k g r o u n d  s p e c i e s * .  A  I k b  
Xbal/Taql f r a g m e n t  o f  p 2 1 2 / 9  w a s  u s e d  t o  d e t e c t  t h e  D X S  1 7 8  p o l y m o r p h i s m .  
T h i s  f r a g m e n t .  2 1 2 X T ,  d o e s  n o t  h y b r i d i z e  t o  t h e  9 k b  n o n - p o l y m o r p h i c  
f r a g m e n t  s e e n  u s in g  t h e  w h o l e  p 2 1 2 / 9  p r o b e .  A  1 .9 k b  Msp\ f r a g m e n t  f r o m  
P Q S T 7 H 1  w a s  u s e d  t o  d e t e c t  t h e  D X S 3 2 7  R F L P .  T h i s  p r o b e ,  3 2 7 M .  w a s  
p r c a n n c a l c d  f o r  3  h o u r s  w i th  2 .5 m g /m l  h u m a n  s o n i c a t e d  D N A  a t  6 5 ° C  a n d  w a s h e d  
t o  a  f in a l  s t r i n g e n c y  o f  0 . 3  x  S S C  a t  6 3 ° C .  C r o s s - h y b r i d i z a t i o n  o f  t h i s  p r o b e  t o  
r e p e a t  s e q u e n c e s  w a s  s u b s ta n t ia l ly  r e d u c e d .  A l l  p r o b e s  w e r e  la b e l e d  t o  h ig h - s p e c i f i c  
a c t i v i t y  w i t h  ( 7 7 p ] - d C T P  b y  t h e  r a n d o m - p r i m i n g  m e t h o d ^ ' .

Linkage analysis
F o r  D X S 3  th e  r e s u l t s  w i t h  t w o  e n z y m e s  w e r e  c o m b i n e d  i n t o  a  h a p lo c y p e  a n d  
e n t e r e d  a s  a  f o u r  a l l e l e  s y s t e m .  H a p l o t y p e  f r e q u e n c i e s  f o r  D X S 3  w e r e  c a l c u l a t e d  
u s in g  d a t a  f r o m  u n r e l a t e d  i n d iv id u a l s  a r td  w e r e  e n t e r e d  a s  f o l l o w s :  Taq] + , Msp\ 
4 - . 0 . 6 3 ;  laqi -I-, Mspl - . 0 . 1 2 ;  Taql - ,  Mspl + . 0 . 2 3 ;  Taql - ,  Mspl - . 0 . 0 1 .

T w o  p o i n t  l o d  s c o r e s  w e r e  c a l c u l a t e d  u s i n g  t h e  L I P E D  c o m p u t e r  p r o g r a m ;  
m u l t i  p o i n t  d a t a  w e r e  c a l c u l a t e d  u s in g  t h e  I L I N K  a n d  L I N K M A P  s e c t i o n s  o f  t h e  
L I N K A G E  p r o g r a m  ( v e r s i o n  3 . 0 4 ) " .  T h e  g e n e  f r e q u e n c y  f o r  X L A  w a s  e n t e r e d  
a s  1 / 1 0 0 .0 0 0  a n d  th e  m u t a t i o n  r a t e  a s  3 x  1 0 " * .  T h e  H a l d a n e  m a p p i n g  f u n c t i o n  
w a s  u s e d  t o  c a l c u l a t e  g e n e t i c  d i s t a n c e s .
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Short communications

Isolation and m apping of discrete DXSlOl loci in Xq22 
near the X-linked agamm aglobulinaemia gene locus
M arie-A n n e J . O ’R e illy ', A n g e la  K . S w e a tm a n ', L in d a  D . B ra d ley ', L esley  A . A lterm a n ', R uth  L over in g ' 
S u e  M a lco lm -, R olan d  J . L ev in sk y ', C h r is tin e  K innbri'

'  M o l e c u l a r  I m m u n o l o g y  U n i t .  I n s t i t u t e  o f  C h i l d  H e a l t h .  L o n d o n .  U K  
-  M o l e c u l a r  G e n e t i c s  U n i t ,  I n s t i t u t e  o f  C h i l d  H e a l t h .  L o n d o n ,  U K

R e c e i v e d :  2 4  A u g u s t  1 9 9 2

A b str a c t. The X-linketi agam m aglobulinaem ia (X L A ) gene  
lo cu s has p rev io u sly  b een  m apped to X q 2 2  in g en e tic  
lin k age stu d ies. T h e D X S lO l lo cu s has sh o w n  no r e co m ­
b inations w ith  X L A  in the ten in form ative m e io se s  in v e s ­
tigated  so  far. T h e  D X S lO l seq u en ce , reco g n ised  by the 
c X 5 2 .5  p lasm id , is m od erately  repeated  in X q 2 2 . W e have  
iso la ted  co sm id s  w h ich  con ta in  this seq u en ce; tw o  c o p ies  
o f  w h ich  have b een  found to  lie near D X S  178 and X L A .  
and a third co p y  w h ich  lie s  near the PL P g e n e , d ista l to 
th ese  lo ci. W e have used the c o sm id s  to gen erate probes  
w h ich  sh ou ld  be o f  use for R FLP a n a ly sis , and thus in 
both prciKital d ia g n o s is  and carrier testin g  for X L A . and 
in con stru ctin g  a g en etic  m ap o f  th is region . T h ese  probes  
w ill a lso  he used  to co m p lem en t the g en e tic  m ap in the 
co n stru ction  o f  a c o m p le te  p h ysica l m ap o f  X q 22.

I n tr o d u c tio n

X -lin k ed  aga m m a g lo b u lin em ia  is a rare g en e tic  d isord er  
w h ich  has been p rev io u sly  m apped  to  the X q 2 2  reg ion  o f  
the hum an X ch rom osom e by gen etic  linkage stu dies (M a l­
co lm  et al. 1987; G u io li et al. 1989; K w an et al. 1990). 
T h e lik e ly  order o f  lo ci in th is reg io n , g iv en  by th ese  and  
other stu d ies  (O 'R e illy  1991; K w an et al. 1991; L o v er in g  
et al. 1993, and unpublished resu lts), is c e n tr o m e r e -D X S 3 -  
(D X S IO I, D X S  17 8 , D X S 2 6 5 , D X S 3 2 7 , D X S 3 6 6 , D X S 4 4 2 ,  
X L A ) - D X S 9 4 - D X S  1 7 -te lo m e r e . D X S  17 8  has b een  re­
ported to sh o w  n o  recom b in ation  w ith  the X L A  lo cu s  in 
o v e r  thirty in form ative m e io se s  (G u io li et al. 1989; K w an  
et al. 1990). D X S 2 6 5 , D X S 3 2 7 , D X S 3 6 6  and D X S 4 4 2  
h ave  sh o w n  no reco m b in a tio n s w ith  the X L A  lo cu s  in 
nine fa m ilie s  (K w an  et al. 1991 ). D X S 2 6 5  m aps to w ith in  
5 kb o f  D X S  178 and sh o w s a s ig n ifica n t d eg ree  o f  lin k age  
d iseq u ilib riu m  w ith  this m arker (L o v er in g  e t al. 1993).

C o rresp o n d en c e  to:  C .  K i n n o n .  M o l e c u l a r  I m m u n o l o g y  U n i t .  I n ­
s t i t u t e  o f  C h i l d  H e a l t h .  3 0  G u i l f o r d  S t r e e t .  L o n d o n  W C I N  I E H .  
U K

D X S lO l w as orig inally  reported as a p olym orph ic locu s  
m apping to  X q 2 l .3 - 2 2 .  but the D X S  1 0 1 -sp ec ific  probe  
c X 5 2 .5  reco g n ized  at least fiv e  sp e c ie s , w h ich  all m ap to 
the sam e region  o f  the X  ch ro m o so m e (H o fk er  et al. 
1987). T h is  probe has not b een  used  e x te n s iv e ly  for g e ­
netic lin k age a n a lysis  o f  X L A  fa m ilie s . T h e M s/;I-g en er ­
ated p o lym orp h ic  a lle les  are d ifficu lt to reso lv e  on  stan ­
dard agarose g e ls  b ecause o f  their sim iliar ity  in s i / e  (7 .3  
and 7 .7  kb) and because several other irrelevant fragm ents  
are a lso  d etected  (H ofk er et al. 1987). W e have recently  
in vestigated  fiv e  X L A  fa m ilie s  and ob tain ed  a m axim u m  
L O D  score  o f  7. = 3 .0  at 0 = 0  v\ ith 9.5‘"( c o n fid e n c e  lim ­
its o f  0  <  Q < 0 .2  for D X S  101 (O 'R e illy  1991 ). O n e other  
g en etic  lin k age  study u tilised  D X S lO l to in v estig a te  tw o  
A lport syn drom e fam ilies and co n firm ed  that the D X S lO l  
p olym orp h ism  m ust lie in the region  o f  the X L A  lo cu s  as 
it m apped  I cM  proxim al to D X S 9 4  in m ultip oin t a n a ly sis  
(Barker et al. 19 9 1 ). In order to m ake this probe m ore u se ­
ful for both g en etic  and p h ysica l m apping stu d ies , w e  
have iso la ted  sin g le  co p y  seq u e n c e s  from  the D X S lO l  
p lasm id  and from  tw o D X S lO l p o sitiv e  c o sm id s . T h ese  
probes sh ou ld  be usefu l for co m p le tin g  g e n e tic  and p h y s­
ical m aps around the X L A  locu s.

M ateria ls and m ethods

Isolation and mapping o f  D X S lO l positive  cosm ids

T h e  I C R F c i O O  X  c h r o m o s o m e  r e f e r e c e  l i b r a r y  ( N i z e t i c  e l  a l .  1 9 9 1  ) 
w a s  s c r e e n e d  w i t h  t h e  D X S  1 0 1  l o c u s - s p e c i f i c  p r o t i e  c X 5 2 . 5  a n d  
p o s i t i v e  c o s m i d s  w e r e  s e l e c t e d .  F o u r  c o s m i d s .  I C R F  D I 2 1 9 .  
F 0 4 7 6 .  G O 2 2 0  a n d  H 0 7 4 4  a p p e a r e d  t o  c o n t a i n  s i m i l a r  i n s e r t s ,  
a n d  a  s i n g l e  r e p r e s e n t a t i v e  c o s m i d .  G O 2 2 0 .  w a s  a n a l y s e d  f u r t h e r .  
C o s m i d s  E 0 9 2 8  a n d  B O 4 4 0  a p p e a r e d  t o  c o n t a i n  d i f f e r e n t  i n s e r t s  
a n d  w e r e  a l s o  c h o s e n  f o r  f u r t h e r  a n a l y s i s .

PFG E an d  RFLP analysis

A l l  a s p e c t s  o f  D N A  p r e p a r a t i o n ,  c o n v e n t i o n a l  e l e c t r o p h o r e s i s .  
P F G E  a n d  S o u t h e r n  b l o t t i n g  h a v e  b e e n  p r e v i o u s l y  d e s c r i b e d
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( O ' R e i l l y  Cl a l .  I ‘W 2 ,  I W 3 ) .  l o r  R H . I >  a n a l y s i s ,  e e n o m i c  D N . \  
w a s  r c s l r i c l c d  w i t h  ,V/.v/>l a n d  s i / c  I r a i l i o n a l c d  o n  0  7 ' ' ;  a s t a r o s e  
g o l s  e l o c t r o p h o r c s c d  u n d e r  s t a n d a r d  c o n d i t i o n s  l o r  2  d a y s  t o  s e p a ­
r a t e  t h e  7 . 5  a n d  7 . 7  k b  a l l e l e s .  W a s h  c o n d i t i o n s  f o r  t h e  v a r i o u s  
p r o b e s  w e r e  a s  d e s c r i b e d  b e l o w  o r  i n  t h e  l l g u r e  l e g e n d s

D N A /iroh i's

I h e  O X . S I O l  l o e u s - s p e e i l ' i c  p l . i s n i i d  e X . 5 2 . 5  c o n t . i i n s  a  .V b - k h  
f . ' c t ( R l / / ’s ( l  i n s e r t  w h i e h  r e c o g n i s e s  m u l t i p l e  s p e c i e s  i n  g e n o m i c  
S o u t h e r n  h l o t  a n a l y s i s  ( H o l k e r  e t  a l .  0 7 8 7 ) .  A  1 . 1 - k b  S '< ; / l / / ’.s rI  
f r a g m e n t .  G P S .  c a n  b e  p r o d u e e d  w h i e h  d e t e e t s  s i n g l e - c o p y  s p e c i e s  
i n  t h i s  a n a l y s i s .  G P S  h y b r i d i s e d  v e r y  s t r o n g l y  t o  D N . - \  f r o m  c o s -  
m i d  G O 2 2 0  a n d  e x t r e m e l y  w e a k l y  t o  D N .A  f r o m  c o s m i d s  E O 0 2 8  
a n d  B O - W O .  i n d i c a t i n g  t h a t  t h e  G O 2 2 0  c o s m i d  c o n t a i n s  t h e  D N A  
s e q u e n c e s  c o r r e s p o n d i n g  t o  t h o s e  i n  t h e  c X 5 2 . 5  p l a s m i d .  T h e  
B l . ' l  p r o b e  i s  a  ' . - i - k b  / f . / n i H l  f r a g m e n t  w h i c h  w a s  s u b c l o n e d  
f r o m  c o s m i d  B O 4 4 0 .  T h i s  f r a g m e n t  h y b r i d i s e d  s t r o n g l y  w i t h  t h e  
D .X 'S I O I  p l a s m i d  C .X 5 2 .5  a n d  i s  p a r t i a l l y ,  b u t  n o t  c o m p l e t e l y ,  c o n ­
t a i n e d  w i t h i n  t h e  2 . 6 - k b  i n s e r t ,  i t  i s .  h o w e v e r ,  d i s t i n c t  f r o m  t h e  
G P S  f r a g m e n t  I t  r e e o g n i s c s  a  h i g h l y  e o n s e r s e d  f r a g m e n t  s h a r e d  
b y  a l l  o f  t h e  D X S l O l  s p e c i e s  a n d  w a s  u s e d  f o r  t h e  c o s m i d  m a p ­
p i n g  s t u d i e s  a n d  R l  I P  a n a l y s i s .  A  7 ( X ) - b p  / h m i H I  f r a g m e n t  f r o m  
c o s m i d  B D 4 4 0  w a s  a l s o  s u b c l o n e d  a n d  s e q u e n c e d  t o  d e r i c e  t h e  
f o l l o w i n g  P C  R  p r i m e r s ,  w h i c h  y i e l d  a  s i n g l e  5 5 0 - b p  f r a g m e n t  f o l ­
l o w i n g  a m p l i n c a t i o n  o f  h u m a n  g e n o m i c  D N  A .  r e f e r r e d  t o  a s  B 5 5 0  
in  t h i s  s t u d y :  p r i m e r  1 : 5  C T G ' a a G  A C C  A T G  A  T G  G  A C  T A  A  
G C :  p r i m e r  2 :  5  C A G  T G C  A T A  I 'G G  G A T  A C  I C T G  T A C .

■ A d d i t i o n a l  . X q 2 2  s | v c i f i c  p r o b e s  u s e d  i n  t h i s  s t t u l y  w e r e  t h e  
D X S  1 7 8  p r o b e  p 2 l 2 / ‘) .  t h e  P I P  l o c u s - s | v e i f i e  c D N A  p r o b e  P R  1.1 
a n d  t h e  D . X S 5 4  p r o b e  S t . 2 ( D a c i e s  e t  a l  10 0 11: A l l  o f  t h e  p r o b e s  
w e r e  l a b e l l e d  t o  a  h i g h  s p e c i l l c  a e t i c i t y  w i t h  | ' P | - d f  ' I P  u s i n g  t h e  
r a n d o m  p r i m i n g  t e c h n i q u e .

K e s  t i l t s

. U c t / Y ' t ' t . e  " /  th e  1 > \S /I> I  c c r / r n  / i i  i  c 
i o i iu i i n c i l  ill th e  C (.)2 2 ()  a n d  / : ( 7 V 2 X '  l a s n tn h

S in ce  the ge tie tie  lin k ag e  sttn lies  rec e a ie d  that at least o ne  
co p y  o f  D.XSIOI m ust lie  n ear D X S I 78. o u r initia l aim  
w as to m ap  D X S lO l re la tiv e  to D X S 178. T he  D X S I 78 
p ro b e  p 2 l 2 /y  d e te c ts  a l .5 - .\ Ih  p a rtia l M lii\  f rag m en t 
(l-'iu. I A , and  O 'R e i l lv  e t al. 190.2) and  a sm all 1.20-kb

W a i i

C X 5 2 5 DXS178 GPS

- 7 2 5

&  ê  *  5401.

à  A f l - 4 6 0

F i g .  I .  D N A  f r o m  n o n n a l  f e m a l e  l e u c o c y t e s  i d u p l i e a t e  o r  t r i p l i c a t e  
t r a c k s )  w a s  p a r t i a l l y  d i g e s t e d  w i t h :  A M in i  a n d  B / i v . v H I I .  T h e  
D N .A  w a s  e l e c t r o p h o r e s e d  a n d  f i l t e r s  p r e p a r e d .  T h e  t ' i I t e r s  w e r e  
h y b r i d i s e d  s e q u e n t i a l l y  w i t h  t h e  l o e u s - s p e e i l ' i c  p r o b e s  t o r  l o c i )  i n ­
d i c a t e d .  P F G E  g e l  r u n  c o n d i t i o n s :  .4  4 0 - V  w i t h  a  s w i t c h  t i m e  o f  
2 (K X )  s  f o r  1 8 0  h ;  II I 2 0  V  w i t h  a  s w i t c h  t i m e  o f  1 2 0  s  f o r  6 4  h .  
M o l e c u l a r  w e i g h t  m a r k e r s  w e r e  S. c c r c \i \h u ’ ( s t r a i n  Y P I 4 8 )  a n d  
/ / .  n in g c i  c h r o t n o s o m e s  a n d  m o l e c u l a r  w e i g h t s  o f  f r a g m e n t s  d e ­
t e c t e d  a r e  i n d i c a t e d  i n  k b  e x c e p t  w h e r e  s t a t e d  a s  .M b . L M  =  l i m i t ­
i n g  m o b i l i t y

c o m p le te  d ig es t p rtx lu c l (F ig , l,-\). W 'heti the  sam e 11 Iter 
w as h y b rid ised  w ith  the cX .52.5 p ro b e  a  sm e a r  b e tw een  
a b o u t 1.0 an d  1.5 M b w as o b se tA ed  (F ig . I A ). U sin g  the 
G P S  frag m en t a s in g le  sp ecie s  o f  ab o u t 1.3 M b w as o b ­
se rv ed  (F ig . I,A). T h a t G P S  and  D X S  178 lie on the sam e 
1 .5-M b M in i  f rag m en t co u ld  be  c o n llr tn e d  u sin g  the  a d ­
d itio n a l en /.y tn es  B.v.vHII (F ig . IB )  and  A 'n d  (re su lts  not 
sh o w n ). G P S  rec o g n ised  a p a rtia l /Cv.vUII frag m en t o f  5 4 0  
kb . in co m m o n  w ith  the  D X S I7 8  p ro b e  p 2 1 2 /9  (F ig . IB ), 
a nd  a c o m p le te  W.v.vHII d ig es tio n  p ro d u ct o f  80  kb, w h ich  
is su b s ta n tia lly  sm a lle r  than  the 4 6 0  kb frag m en t seen  for 
D X S 178 (F ig . IB , and  resu lts  n o t sh o w n ). T h is  su g g ests  
that th is  co p y  o f  D X S lO l lies m o re  than  4 6 0  kb  but less 
than  5 4 0  kb  fro tn  the D X S 178 lo cu s.

T h e  co p y  o f  D X S 101 c o n ta in e d  in the  E 0 9 2 8  c o sm id  is 
like ly  to  be d iffe ren t from  that d e te c te d  by the ( jP S  f ra g ­
m en t as  rev ea led  by fine  m ap p in g  s tu d ie s  o f  the G O 2 2 0  
and E 0 9 2 8  co sm id s  u sing  the rare  cu ttin g  res tric tio n  en- 
/y i))cs  / (v v llll.  iWnii. /fn g l and  A l//1  (re su lts  not show it). 
A lth o u g h  b o th  co sm id s  sh ared  so n ie  sites  in c o m m o n  not 
all w ere  p resen t in b o th  c o sm id s , lead in g  us to  c o n c lu d e  
that the D.XSIOI se i|u c n c e s  c o n ta in e d  in th ese  tw o  c o s ­
m ids rep resen t tw o  d istittc t. yet s im ila r , c o p ie s  o f  th ese  se- 
q u c tices. A ttem p ts  to  iso la te  s in g le  co p y  se q u en c e s  from  
the E Ü 9 2 8  co sm id  to a id  fu rth e r m ap p in g  o f  th is seq u en ce  
have  beet) largely  u n su ccessfu l H ow ever, it is likely  that 
th is  copy o f  D X S lO l a lso  n iap s  n ear D X S 178 s in ce  a 
tiu m b cr o f  5 A C c lo n es  iso la ted  recen tly , w h ich  m ap  to 
w ith in  I .Mb o f  D X S I 78. h .ive b een  found  to co n ta in  this 
sc i|u en ce  to u r  u n p u h lish cd  o b sc rv a tio n s).

. W o / i p / l / e  a f i l i r  l ) \ S I I ) l  >< i / / / < 7 / (  ( ' 
c n n la i iu  t l  in  th e  I I 0 4 4 I )  i u s in i i l

T he B 5 5 0  probe  Irom  co sn u d  B O 4 4 0  hy brivliscd to a 1.06 
M b .V////I frag m en t o f  norm al leu co cy te  DN.A. the sam e 
s i/e  as that recogn ised  by p robes specific  for the X q22 loci 
D X S 24. D.XS54 and  D.XS8.2 (F ig . 2 B .C . and  O 'R e illy  et 
al. 199,2). W hen  DN.A frotn the 4.X c h ro m o so m e  c o n ta in ­
ing cell line E C U -127 w as a n a ly se d  in th is  w ay tw o  fra g ­
m en ts  o f  5 2 0  kb and 580 kb w e re  d e tec ted  w ith  B 550 . 
the  D.XS54 p ro b e  St.2 and the P L P  lo cu s-sp ec itlc  probe 
P R L I. T h e  ad d itio n a l sm all fra g m en t seen  in the P R L I-  
p ro b ed  track s  can  be ac co u n te d  fo r in that P R L I is a 
cDN'.A p robe. T h e se  d a ta  su g g e st that all th ree  o f  these 
loci lie w ith in  5 2 0  kb  o f  each  o ther. A d d itio n a l m ap p in g  
d a ta , g e n e ra te d  u s in g  /iv.vHlI a n d  SJH  d ig e s ts  (F ig . 2). 
su g g est that B 5 5 0  and  D X S 54  a re  w ith in  2 40  kb o f  each  
o th e r  and  w ith in  5 2 0  kb  o f  PLP, b u t they  can n o t be o r ie n ­
ta ted  re la tiv e  to  each  other.

T he D X S lO l M s p l  R F L P

W e have  been  ab le  to  o v e rc o m e  so m e  o f  the  p rac tica l 
p ro b lem s faced  w hen  u sing  the c X 5 2 .5  p lasm id  as a  probe 
in gen e tic  lin k ag e  s tu d ie s  by  u s in g  the B I .4  f ra g m en t 
( F ig .3). In an a tte m p t to  d e te rm in e  w h ich  s e q u en c e ts)  is 
in the  pro.xim ity o f  the  M sp l p o ly m o rp h ic  site , the  c X 5 2 .5  
p o sitiv e  co srtiid s w ere  d ig es ted  w ith  ;V/.v//I and  h y b rid ised  
w ith cX 5 2 .5 . N o n e  o f  the c o sm id s  co n ta in e d  the 7.5 o r  7.7 
kb p o ly m o rp h ic  M sp l  frag m en ts  (re su lts  not sh o w n ).
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K i i ; . 2 .  D u p l i L 'a l c  s o i n p l c s  o t  D N A  I n m i  1 , C I . - I 2 7  c o l N  ( 4 X l  o r  
i \ o r i i u i l  I c m a l c  l c u c i > i ; > l c s  ( X )  w a s  U i y c ^ l c U  w i t h  t h e  e n / y i u c s  
s h o w n  a n d  s i / c  I r a c l i o n a t o i l  a s  1 7 0  V  w i t h  a  s w i t c h  t i n t c  o f  1 7 0  s 
t o r  I S  h .  t h e n  w i t h  a  s w i t c h  t i m e  o l  7 0  s  l o r  2 0  h  T h e  l i t t e r  w a s  
h s h r u l i s e J  s e i | t i e i i t i a l l \  w i t h  t h e  P I . I ’ . l î . ^ S O  a n d  D . X S h d  l o e u s -  
s  p e c  d i e  p r o h e s  A l l  o t h e r  d e t a i l s  a r e  a s  t h e  l e e e n d  t o  l i e  I

K i n - J .  N o r m a l e  f e m a l e  D N  A  w a s  i n v e s t i g a t e d  h y  S o u t h e r n  b l o t  
a n a l y s i s  f o r  t h e  D .X S I O I  \h /> \  R P L P .  T h e  f i l t e r  w a s  h y b r i d i s e d  
s e q u e n t i a l l y  w i t h  t h e  r a d i o l a b e l l e d  e X 5 2 . 5  a n d  B 1 . 4  p r o b e s  a n d  
w a s h e d  t o  a  f i n a l  s t r i n g e n c y  o f  3 x S S C  a n d  1 x S S C .  r e s p e c t i v e l y ,  
a t  6 5 ° C .  T h e  s i z e s  o f  t h e  p o l y m o r p h i c  a l l e l e s  a r e  i n d i c a t e d  i n  k b

l)iscus.sion

In th is  rep o rt w e d escrib e  the a n a ly s is  o f  D X S 10! p o sitiv e  
co sm id s  and  the iso la tio n  o f  s in g le  co p y  fra g m en ts  in 
o rd e r  to  a sce rta in  th eir  p ro x im ity  to  each  o th e r  an d  th eir  
p o s itio n  in X q22 . T w o o f  th ese  c o sm id s , E 0 9 2 8  and 
G O 2 2 0 , co n ta in  D X S lO l seq iten ces  w hich  a p p e a r  to  lie 
w ith in  aboiti I M b o f  D X S 178 and  sh o u ld  th e re fo re  be 
u sefu l in fu rth e r m ap p in g  th is  reg io n  o f  X q22 . T h e  o th er

co p y  o f  D .X S IO I, c o n ta in e d  in the  B O 4 4 0  c o sm id  atid  
reco g n ised  by the s in g le -co p y  p ro b e  B.s.sO. lies near the 
P L P  g en e  locus, w h ich  is d ista l to  D X S  178 and XLA  
(O 'R e illy  et al. 199,1). At p resen t vve can n o t d e te rm in e  the 
p o sitio n  o f  o th er tw o  p ro p o sed  c o p ie s  o f  th is  se q u en c e  in 
X q22.

A lth o u g h  it cou ld  not be d e m o n s tra te d  th.it e ith e r  o f  the 
co sm id s  m ap p in g  n ea r D .X S I7S  c o n ta in  the A/v/>l p o ly ­
m o rp h ic  site, the p o ly m o rp h ism  m ust p resum ably  m ap  
n ea r o r  w ith in  th ese  c o p ie s  o f  D .XSIO I b e c au se  o f  the  
m eio ses  in v estig a ted  so  t,ir the p o ly m o rp h ic  locus d oes 
not a p p e ar to  reco m b in e  w ith  the . \ I ,A  locus o r D.XS I 78 
lO  Reilly 1901 i. W ith  the iso l.ition  o f  the B I .4  p robe, 
w h ich  w ill m ake  R l L P  a n a ly s is  lo r  th is  lueu s  m ore 
am en ab le , many m o re  X L A  fam ilies  sh o u ld  now be in ­
v estig a ted . Based on the a lle le  fre q u e n c ie s  (H o l 'k e re t  al.
19 87 . O 'R eilly  1991 ) 4 6 ''/  o f  fem a les  sh o u ld  be h e te ro /y -  
go u s for th is  m ark e r an d . th ere fo re , th is p ro b e  co u ld  be 
usel'ul for gen e tic  c o u n se llin g  in fam ilies  w h ich  are  not 
in fo rm a tiv e  for the  p ro b es  a lready in c lin ica l use. n am ely  
D X S3. D X S 17, D X S 9 4 . D X S 178 an d  D X S 265 .

In th is  s tudy  vve d e sc r ib e  the c h a ra c te r isa tio n  o f  th ree  o f  
the e s tim a te d  five c o p ie s  o f  D.XSIOI w hich  lie in X q22 . 
T h e  iso la tio n  o f  a d d itio n a l c o sm id s  from  o th e r  lib ra ries  
and  m ore  lin e  m ap p in g  s tu d ie s  o f  th ese  reg io n s  m ay h e lp  
to c la rify  th is  situ a tio n . In c o n c lu s io n , the  m ap p in g  o f  the 
v a rio u s  sp e c ie s  o f  D X S lO l and  the iso la tio n  o f  s in g le -  
co p y  seq u en ces  fo r th ese  sp ec ie s  sh o u ld  be u sefu l for g e n ­
e ra tin g  co m p le te  p h y sica l and  g en e tic  m ap s  o f  X q22  and 
for the  ev en tu a l iso la tio n  o f  g en es  w h ich  m ap  to th is  re ­
g ion o f  the  X ch ro m o so m e .

AiknoH leilf;em en!s. W e  w o u l d  l i k e  t o  t h a n k  D r .  D a v i d  V e t r i e  f o r  
d i s c u s s i n g  h i s  u n p u b l i s h e d  r e s u l t s  w  i l h  u s ,  t h e  W e l l c o m e  T r u s t ,  t h e  
L e e  S m i t h  R e s e a r c h  F u n d ,  t h e  S t e p h e n  R u t t y  F u n d  a n d  t h e  C h i l d  
H e a l t h  R e s e a r c h  A p p e a l  T r u s t  o f  t h e  I n s t i t u t e  o f  C h i l d  H e a l t h  f o r  
t h e i r  g e n e r o u s  s u p p s ’ n .
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The gene defective in X-linked agammaglobulinemia 
(XLA) has recently been isolated and identified as btk, 
a non-receptor protein tyrosine kinase. We have utilized 
the techn ique of sin g le  strand conform ation  
polymorphism (SSCP) analysis for the btk  gene to 
identify mutations in XLA patients. The btk  gene in 
affected boys from 10 families was analysed and 
mutations were identified in eight cases; seven of these 
were point mutations and one was a small insertion. 
The mutations were found throughout the gene coding 
region. Six of the patients have classical XLA and two 
have less severe forms of the disease. We have also 
identified a polymorphism at nucleotide position 2031. 
This technique will allow us to provide more accurate 
diagnoses of the disease and to determine the nature 
of the functional defects in the btk  gene in these  
families.

INTRODUCTION

X -lin k e d  a g a m m a g lo b u lin e m ia  (X L A ) is a h u m oral 
im m unodeficiency disease which results in developmental defects 
in the maturation pathway o f  B cells. Affected boys have normal 
levels o f  pre-B cells  in their bone marrow but virtually no 
circulating mature B lym phocytes. This results in a lack o f  
im m unoglobulins o f  all classes and leads to recurrent bacterial 
infections. Treatment in m ost cases is by infusion o f  intravenous 
im m unoglobulin.

The X L A  locus had been mapped to Xq22 by genetic linkage  
s t u d i e s ' b u t  until recently the defective gene was not known. 
The btk gene was isolated and suggested to be causative o f  X LA  
on the basis o f  its proxim ity to the closest genetic marker for 
this locu s, the identification o f  m utations in 8 X L A  patients and 
reduced levels o f  Btk protein and activity in patient cell lines^ *. 
The Btk protein appears to be a m em ber o f  a new family o f  non- 
receptor protein tyrosine kinases related to, but distinct from , 
the Src family (reviewed in ref. ®). Like Src, Btk has SH 2 and 
SH 3 dom ains and a catalytic dom ain with an A TP binding 
s i t e ^ * .

Since X L A  apparently results from the failure o f  pre-B cells  
to d evelop  into functional B ce lls , the Btk protein is m ost likely  
to be involved in the B cell maturation process. Several protein 
tyrosine kinases have already been shown to be involved in the 
signalling pathways o f  lym phoid cells (review ed in ref.’ ) and 
Btk may play a sim ilar role within the signal transduction

pathways o f  maturing B cells. H ow ever, t.h<* exact ftmction o f  
Btk has still to be established. In contrast to other disease-causing 
tyrosine kinase gen es, XLA results from the lack o f  function o f  
the Btk protein and therefore the X L A  patients provide natural 
‘knockouts' o f  the btk gene. The characterisation o f  the btk gene 
in these patients should enhance our understanding o f  the 
functional dom ains o f  this protein and its role in B cell 
developm ent.

W e have already detected gene deletions in over 10% (6/50)  
o f  X L A  patients investigated so far, providing a basis for genetic  
counselling in these families (’R .L overing. in preparation). 
Three additional patients have been identified with altered 
restriction digest patterns in Southern blot analysis, two o f  whom  
were found to have point m utations’ . In order to identify the 
nature o f  the mutations in the remaining majority o f  XLA patients 
w e have used the technique o f  single strand conform ation  
polym orphism  (SSCP) analysis'®. The btk c D N A  was divided  
into seven sections each o f  which could be am plified by PCR. 
SSCP band shifts allow ed the location o f  the altered base(s) to 
be identified to within approximately 200 ba.se pairs. The 
sim plicity o f  the technique g ives it the benefit o f  being quickly 
transferable between laboratories and it can easily  be used in 
clinical genetics services.

The SSC P technique was used to screen the btk gene in 10 
unrelated X L A  patients who were known not to have deletions 
or rearrangements in genom ic D N A  at this locus. Mutations were 
identified in 8 o f  these patients. M ost patient phenotypes can be 

■ classified  as 'classical' XLA having less than 1% B cells  and 
undetectable im m unoglobulin. In fam ilies with the classical 
phenotype all affected m ales have a sim ilar severe phenotype. 
There are other less severe or ‘leaky' X LA phenotypes where 
the patients have more than 1 % B cells  and detectable 
imm unoglobulin; normal B cell levels are 10—20%  o f  
lym phocytes. In fam ilies with the leaky phenotype there is 
considerable heterogeneity in B cell numbers and immunoglobulin 
levels and thus, in the severity o f  the d isease. S ix  o f  the patients 
studied have classical X L A  and tw o have leaky form s o f  the 
disease.

RESULTS AND DISCUSSION

Although X L A  patients have no or few  B ce lls , btk can usually  
be detected in cD N A  prepared from peripheral blood leucocytes  
by PCR am plification. The patient cD N A s were am plified using  
primer pairs A  to G (Table 1 and Fig. 3) sequentially and analysed 
using the SSC P technique. Sequence analysis o f  the fragments

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  b e  a d d r e s s e d
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which resulted in band shifts show ed point m utations in seven 
o f the patients and a 21 bp insenion  in one patient.

P re m a tu re  sto p  codons in  bik  c au se  th e  c lassical X L A  
p h en o ty p e

T w o o f  the patients w ere found to have single base pair changes 
resulting in prem ature stop codons w iihin the btk gene. Patient 
A P was found to have an SSC P band shift in the sm aller 
restriction digest fragm ent ( 1 12bp) from  PCR reaction A at the 
3 ' end o f  the gene (Fig. la). Sequencing this region o f  the PCR 
product identified a m utation from  G to T  at nucleotide position 
2038 resulting in a prem ature stop codon at am ino acid residue 
636. This m utation should lead to the loss o f  the term inal 24 
am ino acids from the protein, including several highly co n sen  ed 
residues. As there are three affected boys in this family who have 
no detectable B cells o r  im m unoglobulin, this result suggests that

» *P JF TF C b N*0 271 C

W w «

K ig u r e  1. S S C P  sis o f  P C R  p r o d u c ts  f o llo w  in g  d ig e s t io n  w ith  th e  a p p r o p n a t c  
r e s t r i c t i o n  e a r s m e  fo r  p a t ie n t  a n d  c o n t r o l - ( C )  s a m p le s  P a t ie n ts  w i th  m u ta t i o n s  
d e t e c t e d  b \  S S C P  a r e  i n d ic a te d  b )  t h e i r  in i t i a l s ,  u n l a b e l l e d  t r a c k s  a r e  p a t ie n ts  
t h a t  d o  n o t  a p p e a r  to  h a s e  m u ta t i o n s  in  th i s  a n a ly s i s .  D o u b le  s t r a n d e d  p r o d u c t s  
a r c  i n d ic a te d  b y  b l a c k  a r r o w s  o n  th e  r ig h t  a n d  s in g le  s t r a n d e d  p r o d u c t s  in d ic a te d  
b y  w h i t e  a r r o w s  o n  t h e  le f t ,  l a i  R e a c t i o n  A  s h o w in g  s in g le  s t r a n d  b a n d  s h i f t s  
in  a f f e c t e d  b r o th e r s  T F  a n d  J F  in  th e  2 1 4  b p  f r a g m e n t  a n d  in  p a t ie n t  A P  in  th e  
1 12  b p  f r a g m e n t  l b )  R e a c t i o n  E  s h o w in g  a n  a l t e r e d  b a n d in g  p a t t e r n  in  p a t ie n ts  
iS A D  a n d  2 7 6 .  ( c l  R e a c t io n  D  s h o w in g  th e  a l t e r e d  s in g le  s t r a n d  b a n d in g  p a t t e r n  
in  p a t i e n t  J P .  ( d i  R e a c t i o n  G  s h o w in g  th e  a l t e r e d  b a n d in g  p a t t e r n  in  a f f e c t e d  
b r o t h e r s  S B  a n d  C B  a n d  in  u n r e l a t e d  B B

the last 24 am ino acids o f  ihis prole in are critical for its correct 
expression an d 'o r  function In B cell developm ent.

Patient N A D was found to have a band shift in the large 
fragm ent (228 bp) from PCR reaction E (Fig. lb ). O n sequence 
analysis, he was found to have a base change o f  C  to T at 
nucleotide position 895. resulting in a stop ctxion at am ino  acid 
residue 255 in the SH3 domain o f Bik. This m utation should re.su 11 
in the production o f a severely truncated protein lacking the 
rem aining 404 am ino acids, which includes all o f  the SH2 and 
kinase dom ains. This patient and his bro ther have no detectable 
B cells confirm ing that the absence o f  the functional dom ains 
o f  Btk results in a classical XLA phenotype.

M u ta tio n s  in th e  SH 2 d o m ain

T w o patients w ere found to  have point m utations in the SH2 
dom ain o f  the Btk protein. Patient 276 is a m em ber o f  a large 
Dutch XL A  pedigree w hose affected  m em bers exhibit 
heterogeneity in their clinical and im m unological p h eno types" . 
M em bers o f  this family w ere found to have a deletion in the 
region o f  the XLA locus, at D.XS442, co-segregating with the 
d isorder, suggesting that the deletion m ay be causative o f  XLA 
in this family (.A .K .Sw eatm an, in preparation). SSC P analysis 
showed baniJ shifts in the 228 bp fragm ent resulting from the 
restriction digest o f  the prcxluct o f  PCR reaction E (Fig. lb). 
Subsequent sequence analysis o f  this region showed a C  to T 
change at nucleotide position 994 o f the hik gene, w hich results 
in arginine being substituted for by a try ptophan at am ino acid 
residue 2 8 8 "  ( ckA 2 .  notation as in re f . '- )  and was confirm ed in 
this laboratory. X-Ray crystallography and m odelling o f  the Src 
SH2 dom ain suggests that this dom ain form s a tw o holed socket 
which can bind specific phosphorylated tyrosine residues in a 
two pronged conform ation'-’ . T his m utation can be predicted to 
severely disrupt phosphotyrosine binding the SH2 dom ain

Patient JP . diagnosed as classical XLA. had an SSC P band 
shift in the sm aller fragment ( 144 bp) from  the restriction digest 
o f the product from PCR reaction D (Fig. Ic). Sequence analy sis 
showed a m utation o f A to G  at nucleotide position 1051 which 
results in the substitution o f  a glycine for arginine B5 (notation 
for SH2 dom ain amino acid sequence as in re f . '- )  at am ino acid 
residue 307. Arginine is a positively charged am ino acid and at 
position B5 it is involved in the binding interactions at the base 
o f the phosphoty rosine binding pocket. The change to a neutral 
glycine residue is highly likely to d isrupt the binding potential 
o f this region. This is consistent with the observation  that

T a b l e  1 . P C R  p r im e r s  a n d  p r o d u c t s  f o r  S S C P  a n a ly s i s  o f  bik

R e a c t i o n P C R  P r im e r s P o s i t io n S iz e E n z y m e C u t t i n g  s i te P r o d u c t s

A A l I F (5  - C G G A A G T C C T G A T G T .A T A G C A - 3  ■) 1 8 0 8 - 2 1 3 3 3 2 6  b p A v a l 2 0 2 2 2 1 4  b p
E 3 R ( 5 'C A A G A A G C T T A T T G G C G A G C - 3 ) 1 12  b p

B B.S’ (5  • - T G T C  A G  A T T T G C T G C T G  A  A C  -3  ' ) 1 . 3 6 8 - 1 8 7 2 3 0 5  b p W u e l l l 1 7 5 5 1 8 8  b p
H R 1 1 7  b p

C A.SI-' ( 5 - G G T G .A A G G A A C T G C T T T G A C - 3  ) 1 2 0 4 - 1 6 0 0 3 9 7  b p f t o R l 1 4 5 4 161 b p
lO R 2 3 6  b p

D 8 4 9 F ( 5 ' - A T G T A T G A G T G G T A T T C C A A A C A C - 3  ) 9 6 4 - 1 3 3 6 3 7 3  b p .4 l u l l 1 1 0 8 1 4 4  b p
7 R (5  G G T C C T T T G G A T C A A T T T C C - 3  ) 2 2 9  b p

E N T S H 3 (5  • - A T G G G C T G C C  A  A  A T T T T G G A G - 3  ' ) 6 1 0 - 1 0 2 1 4 0 3  b p W u e l l l 7 0 4 1 75  b p
5 R ( 5 T T T A G C A G T T G C T C A G C C T G - 3 ) 2 2 8  b p

F A I F (5  - T G T G T T G A A A C A G T G G T T C C  3  ) 3 2 0 - 6 6 8 3 4 9  b p W u e ll 4 6 0 1 4 0  b p
2 R ( 5 - C . A G G T T T T A A G C T T C C A T T C - 3 ') 2 0 0  b p

G S ta r t  F (3  A G C T A C C T G C A T T A A G T C A G G - 3  1 7 7 - 3 7 8 3 0 2  b p 3 0 2  b p
E .X IR (5  ■ - C T C I T C T C G G  A  A T C T G T C n T T C - 3  ' )
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substitution of' the equivalent residue in the Abl SH2 dom ain (Arg 
171) d isrup ts phosphotyrosine binding  and reduces the 
transform ing activity o f  this protein'-*. This patient has less than 
1 % B cells and undetectable im m unoglobulin  levels indicating 
that the replacem ent o f  this highly conserved arginine residue 
com pletely alxtlishes the functioning o f Btk. T hus, tw o patients, 
JP  and 276, show am ino acid substitutions at conserved arginine 
residues in the SH2 dom ain  o f  the protein resulting in different 
phenotypes.

K inase dom ain  m u ta tio n s  can  cause the  leaky XLA  phenotype 

Fam ily F has three affected boys with B cell counts varying from 
less than 1% to 3% . Im m unoglobulin  levels vary considerably 
betw een the affected boys; T F  has norm al IgG . IgA . IgM , IgE 
and IgG  subclass levels except for IgG2 w hich was 0 .55  g/l 
(norm al range 0 . 7 - 5 . 15g/I). JF  has low norm al IgG , 0. I6g/I 
IgA (norm al range 0 . 3 - l .3 g / l ) .  0 .2 2 g /l IgM  (norm al range 
0 .5 —2 .2 g /l ) ,  norm al IgE and IgG subclasses except for IgG I 
which was 2.4g/l (normal range 2 .8 5 -6 .8 g /l )  and KF has normal

c r A G C T A G  o r  AG

K iK u r i ' 2 . A u K ir a J io g r a p h h  o f  s e q u e n c in g  g e l s  s h o w in g  b a s e  c h a n g e s  c o m p a r e d  
t o  n o r m a l  c o n t r o l  ( C l  ( a i  a s  a  r e s u l t  o f  a  2  I b p  i n s e r t io n  in  p a t ie n t  J G  a t  n u c le o t id e  
p o s iu o n  4 4 2  ( p o s i t io n  o f  ia s e r u o n  in d ic a te d  in  th e  n o r m a l  c o n t ro l  by  a  w h ite  a r r o w )  
a n d  ( b )  in  th e  s ta r t  c o d o n  in  p a t i e n t s  S B  a n d  S B  a t  n u c l e o t i d e  p o s i t i o n s  1 23  a n d  
134, r e s p e c t i v e ly

IgG (IgG subclass levels not available) and IgA and 0.32g.'l IgM 
(nonnal range 0 .5 - 2 .2 g / |) .  Initially this family was diagnosed 
as having an undescribed  B cell im m unodeficiency but 
subsequently , on the basis o f  a non-random  pattern  o f  X- 
inactivation in the B cells o f  the obligate ca rrie r  fem ale, they 
w ere diagnosed as XLA*’ . T w o affected bro thers, T F  and JF , 
were studied using SSC P and found to have band shifts in the 
larger restriction fragm ent (214 bp) generated from  PC R reaction 
A (Fig. la). The C to A m utation identified at nucleotide position 
1952 causes a non-polar to polar am ino acid substitution, alanine 
to aspartic acid, at am ino acid residue 607 near the 3 ' end o f 
the gene. In Src and o ther related proteins this residue is not 
highly conserved but alw ays appears to be non-polar. This amino 
acid substitution therefore disrupts but does not completely abolish 
the functioning o f  this pro tein  probably by a reduction in kinase 
activity, as the change is in the kinase dom ain. The m utation in 
these patients confirm s the XLA diagnosis and suggests that other 
patients with sim ilar m ild phenotypes may have m utations in the 
btk gene. Partial d isruption o f the functioning o f  Btk in cases 
such as this will p ro v id e  a valuable  insight into the 
structure/function  relationship o f this protein.

An insertion in the 5' end o f  btk
Patient JG has two affected bro thers and all have undetectable 
B cells and im m unoglobulin  levels. An altered M spl restriction 
fragm ent was detected on  Southern blot analysis o f  this family 
as reptm ed earlier (patient C , ref.-'). No o ther a lterations were 
observed on digestion w ith additional enzy m es, suggesting no 
deletion or gene rearrangem ent. Subsequent M spl digestion o f 
the cD N A  from  this patient show ed an altered  restriction digest 
pattern and SSCP analysis produced a band shift in the sm aller 
fragment (140 bp) from reaction F (results not shown). Sequence 
analysis showed that there is an insertion o f  21 bp (T- 
C T G T G T T T T C .-\T C G .\C C C G G ) at nucleotide position 442 
(am ino acid 103) c reating  a new M spl enzym e site (F ig. 2a). 
The origin o f  the ex tra  sequence is not known but the insertion 
appears to occur at the junction  o f  exons 3 and 4 '^  and may 
therefore be due to a point m utation at a splice site in the intron. 
This extra D.N’A sequence results in the insertion o f  7 am ino acids 
(Ser-Val-Phe-Ser-Ser-Thr-Arg) between amino acids 103 and 104 
in the protein. As the insertion is 21 bp, the rest o f  the protein

M e t  1 —»  N o  s t a r t  

♦
A rg  2 8 8  —»  T r p  A la  6 0 7  —»  A s p

t____ t
S H 3  I - S H 2  I K i n a s e  d o m a i n  |—

G in  1 0 3  - *  7 a m i n o  A rg  3 0 7  —»  G ly  
a c i d  I n s e r t i o n

M e t 1 - »  N o  s t a r t  A rg  2 5 5  - $  S t o p

G lu  6 3 6  - »  S t o p

F i g u r e  3 .  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  B tk  p r o t e in  s h o w in g  ( a )  t h e  a p p r o x im a te  l o c a t io n s  o f  th e  m u ta t i o n s  a n d  t h e  a m in o  a c id  c h a n g e s  a n d  ( b )  th e  a p p r o x im a te  
e x t e n t  o f  th e  P C R  r e a c t i o n  p r tx iu c r s  u s e d  fo r  th e  S S C P  a n a ly s i s .  * I n d ic a te s  p a t ie n ts  w i th  le a k y  ' X L A  p h e n o ty p e
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is still translated  in fram e and norm al SH 2. SH3 and kinase 
dom ains will be present.

The N term inal o f  this protein does not yet have a defined 
function, but a point m utation at nucleotide 216 changing amino 
acid residue 28 in the m ouse btk gene results in the x id  
phenotype'* ' dem onstra ting  the im portance o f  the N term inal 
region in B cell developm ent. The presence o f  the 7 e.stra amino 
acids seem s to com pletely inactivate the protein as the affected 
males in this fam ily have the classical XLA phenotype. This 
inactivation could be a result o f  a specific d isruption o f  the N 
term inal region o r it could be the result o f  a m ore general change 
in protein folding. Studies o f  the m utant protein should help to 
elucidate the e.xact nature o f  this defect.

In itia tio n  co d o n  m u ta tio n s

Patient BB was found to have an SSCP band shift in the 302 
bp fragm ent from  reaction G (Fig. Id) and sequence analysis 
show ed that he has a T  to C  point m utation in the start codon 
at nucleotide 134 (Fig. 2b). A nother patient, SB, was found to 
have a band shift in the sam e fragm ent (Fig. Id) and also has 
a point m utation in the start ctxlon at nucleotide 133, changing 
A to G (Fig. 2b). Both o f these patients have less than 1% B 
cells suggesting that the d isruption o f  the initiation codon results 
in the lack o f any functional Btk protein. It is possible that these 
m utations may result in the production o f a sm aller m olecular 
w eight protein beginning at one o f  the subsequent start ctxlons 
since the initiation codons àt nucleotide positions 317 and 619 
have good Kozak consensus sequences. It is not yet known, 
h ow ever, if these initiation codons are functional.

Patient BB is a sporadic case and was initially diagnosed as 
having XLA with growth horm one detlc iency '" but further 
studies have show n him to be an .XLA patient o f  short stature 
XL.A with grow th horm one deficiency is a very rare syndrom e 
and it is difficult to be sure that the conditions are being inherited 
together unless genetic linkage analysis can be perform ed on the 
fam ily. This study shows that caution should be exercised before 
diagnosis.

[/(K 'ation o f a n  S S C P  p o ly m o rp h ism

W e have found an SSCP polymorphism  which produces different 
banding patterns o f  the 112 bp fragm ent from  PCR reaction A. 
Sequence analysis o f  this fragm ent showed that the SSCP 
polymorphism  was due to a C to T substitution at nucleotide 2031, 
which does not affect the am ino acid sequence o f  the protein. 
The ra rer allele has the cDN.A sequence published for T  
at nucleotide position 2031, and is present in four out o f  thirteen 
XLA fam ilies and four out o f  tw enty-three leukem ia patients-®. 
The m ore com m on allele has a C at this position and is observed 
in 28 out o f  the 36 patients. The predicted heterozygosity o f  this 
polym orphism  is 35% .

GENERAL DISCUSSION

Tw o point m utations in btk  have been described previously’ , 
both o f  which resulted in am ino acid substitutions at highly 
conserved  am ino acid residues in the kinase dom ain, one within 
the substrate specific dom ain and one w ithin the A TP binding 
site. W e present here m utations in the btk  gene found in eight 
unrelated XLA patients detected using SSC P analysis. These 
m utations are all d ifferent and spread throughout the gene (Fig. 
3). So far, am ino acid substitutions or insertions have been 
identified in all dom ains o f  the Btk protein, except the SH3

dom ain. No m utations w ere detected  by SSCP in two patients 
both o f  whom are sporadic cases with a classical XLA phenotype. 
It is possible that the m utations in these boys were not detectable 
using this technique but it is a lso  possible that their m utations 
are outside the coding sequence, in control or prom oter elements. 
Alternatively, as they are both sporadic cases and X-inactivation 
analysis has not been perform ed to confirm  X-linked inheritance, 
it is possible that their diagnoses as XLA are incorrect.

The identification o f these mutations has important implications 
for genetic counselling for these fam ilies. Results o f  prelim inary 
studies show that it is possible to  determ ine carrie r status using 
SSC P analysis w hen there is a know n m utation (results not 
shown). In cases w here a m utation has not been identified, the 
polym orphism  described here may be useful as it has a predicted 
heterozygosity o f  35% . This polym orphism  can be detected by 
SSC P but does not involve a restric tion  enzym e site. Prenatal 
diagnosis based on such point m utations w ithin the btk gene will 
becom e available w hen the genom ic organisation o f the gene is 
determ ined.

It appears that m utations in the btk  gene are responsible for 
a range o f  B cell im m unodeficiency d iso rders, from  com plete 
agam m aglobulinem ia to conditions where the patient has reduced 
am ounts o f  B cells and im m unoglobulin . It is possible that even 
milder phenotypes w ill be the result o f  less functionally impvirtant 
m utations in this gene. All the m utations found should provide 
valuable clues to the norm al functioning o f this protein in the 
pathway o f B cell developm ent

MATERIALS AND METHODS
P a t i e n t s
T h e  p j t ic m >  a r c  a ll m a l e s  J ia g r u K c d  a s  b a s i n g  X l .A  b e c a u s e  o l  th e  c o m p le t e  
a b s e n c e  o r  v e r s  lo s s  le v e ls  o l  c i r c u l a t i n g  m a tu r e  B ly m p h o c s t e s  In  s o m e  c a s e s  
d i a g n o s i s  w a s  c o n l m n e d  h s  \  i n a c t i v a t i o n  s tu d ie s  in  c a r r i e r  f e m a le s '^  O th e r  
bliSH l c e l l  l i n e a g e s  a p j v a r  n o n i ia !  M l p a t i e n t s  w e r e  p r e s  lo u s l s  in v e s t ig a te d  l o r  
p o te n t ia l  hik g e n e  d e l e t i o n s  o r  o t h e r  r e a r r a n g e m e n t s  h s  S o u th e r n  h lo t  a n a ly s t s  
o f  g e n o m ic  D N A  a n d  w e r e  t o u n d  to  h e  c o m p a r a b l e  t o  n o n n a l

c D N A  p r e p a r a t i o n
L y m p h o c y t e s  w e r e  p r e p a r e d  f ro m  f r e s h  b lo o d  by  F ic o l l  ( P h a r m a c i a )  s e p a r a t io n  
a n d  w a s h e d  r w ic e  in  P B S A  R N A  w a s  m a d e  f r o m  2 x  lO** c e l l s ,  a s  d e s c r i b e d - ' ,  
a n d  r e s u s p e n d e d  in  18 ^1 o f  w a t e r ,  b e f o r e  h e a t i n g  t o  7 0 ” C  f o r  5  m in  a n d  th e n  
c h i l l in g  o n  ic e  I /t l  R N A G u a r d  ( P h a r m a c i a ) .  2 .5  fil 0 .1  N! d i t h io th r e i t o l ,  10 
p d ( T )  1 2 - 1 8  0 .1  m g - m l ( P h a m i a c i a ) ,  l O ^ l S x  b u tT e r  ( B R L ) .  5 /il  l O m M d N T P .  
2 .5  n\ b o v in e  s c r u m  a lb u m in  2  m g  m l a n d  2 n\ M o lo n e y  m u r in e  le u k e m ia  v i r u s  
re v e r s e  t r a n s c r ip ta s e  2 0  (B R L )  w e r e  a d d e d  in  o r d e r  a n d  th e  s a m p le  in c u b a te d  
a t  4 2 " C  f o r  9 0  m in  T h e  e n z y m e  w a s  th e n  i n a c t iv a te d  a t  6 5 ’ C  f o r  5  m in  a n d  
th e  c D N .A  s to r e d  a t  - 2 0 ° C

P C R  a m p l i f i c a t i o n  a n d  S S C P  a n a l y s i s
T h e  btk g e n e  w a s  a m p l i f i e d  f r o m  c D .S 'A  u s in g  s e v e n  o v e r l a p p in g  P C R  r e a c t i o n s  
A  to  G .  a s  s h o w n  in  T a b l e  I . T h e  r e a c t i o n  w a s  p e r f o r m e d  u s in g  2 0 0  d G T P .  
d A T P  a n d  d T T P  a n d  2 0 ; .M  d C T P  w i th  1 ; .C i  [ ' - P j  d C T P .  I 5  n iM  M g C U ,  5 0  
p m o l  o f  e a c h  p r i m e r  ( f o r w a r d  a n d  r e v e r s e ) ,  b u f f e r  a n d  e n z y m e  a c c o r d in g  to  
m a n u f a c t u r e r 's  i n s t r u c t i o n s  ( B io l in e )  a n d  I /il c D N A  in  a  5 0  p,\ f in a l  v o lu m e .  
T h e  r e a c t io n s  w e r e  d e n a tu r e d  a t  9 4 ’ C  f o r  3 m in  a n d  th e n  g iv e n  3 0  c y c le s  a t  5 7 ° C  
f o r  3 0  s e c o n d s .  7 2 ° C  f o r  3 0  s e c o n d s  a n d  9 4 ° C  f o r  3 0  s e c o n d s .  T h e  p r rx lu c ts  
w e r e  d ig e s te d  a s  in d i c a t e d  t o  g iv e  t h e  f r a g m e n t  s iz e s  s h o w n  ( T a b l e  I )  b y  th e  
a d d it io n  o f  10 u n its  o f  e n z y m e  in to  th e  P C R  m ix  a n d  in c u b a tio n  a t 3 7 ° C  o v e rn ig h t .  
T h e  P C R  p r o d u c t s  w e r e  a n a ly s e d  o n  I a g a r o s e  g e ls  a n d  d i l u t e d  in  0 . 1 %  S D S . 
10  m M  E D T A  to  b e tw e e n  1 2  a n d  I 4 0  t o  e n s u r e  e v e n  l o a d in g  o n  th e  
p o ly a c r y l a m id e  g e ls .

2  (.1 o f  s a m p le  a n d  2 ; .l  lo a d in g  b u f f e r  19 5 %  f o r m a m id e .  2 0  m M  E D T A .  0 .0 5 %  
b r o m o p h e n o l  b lu e  a n d  0 .0 5 %  x y le n e  c y a n o l )  w e r e  d e n a tu r e d  a t  9 5 ' C  fo r  3  m in .  
lo a d e d  o n to  a  6 %  n o n - d e n a tu r i n g  p o ly a c r y l a m id e  g e l  a n d  e l e c t r o p h o r e s e d  in  I x  
T B E  b u f f e r  f o r  5 h . A n  u n d e n a tu r e d  s a m p le  w a s  a lw a y s  a n a ly s e d  o n  th e  s a m e  
g e l  to  a l lo w  id e n t i f ic a t io n  o f  th e  d o u b le  s t r a n d e d  m o le c u le s  in  th e  p a t ie n t  s a m p le s .  
G e ls  w e r e  ru n  a t  3 0  W a t t s  a t  r o o m  t e m p e r a t u r e  u s in g  5 %  g ly c e r o l  a n d  a t  6 0  
W a t t s  a t  4 'C  u s in g  1 0 %  g ly c e r o l  B o th  r u n  c o n d i t io n s  w e r e  u s e d  fo r  e a c h  s a m p le .
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A ll  b a n d  s h i f t s  w e r e  s e e n  a l  b s ith  t e m p e r a tu r e s  b u t  th e  b a n d  s h i f t s  w e r e  m u r e  
s i g n i f i e a n t  a t  4 ° C .  A ll  S S C P  g e l s  s h o w n  in  th e  f i g u r e s  w e r e  r u n  a t  4 ' C .  G e ls  
w e r e  d r i e d  a n d  e x p o s e d  t o  a u to r a d io g r a p h  f i lm  ( K o d a k )  f o r  3  d a v s  a t  r tw m  
te m p e r a t u r e

S e q u e n c e  a n u iv sL s
T h e  P C R  p r o d u c t s  w h ic h  r e s u l t e d  in  id e n t i f i a b l e  b a n d  s h i f t s  o n  S S C P  a n a ly s i s  
w e r e  s e q u e n c e d  u s in g  t e m p la t e  a m p l i f i e d  w i th  a  b io l i n y l a t e d  P C R  p r i m e r  S ta r tF  
a n d  p r i m e r  A 8 R  (5  - T C A T C T T C A G A C A T G O A G C C - 3  ) a n d o r  E R B :  
( b io t i n y l a t e d )  ( 5  A T T G A G T G G G A G C A C A A A G G - 3  ) a n d  A 5 i .  T h e  P C R  
p r o d u c t  w a s  g e n e r a t e d  a s  f o r  th e  S S C P  a n a ly s i s  b u t  u s in g  a  1 m in  7 2 ° C  e x te n s io n  
t im e .  T h e  P C R  p rx x iu c t w a s  s e p a r a te d  o n  a  I %  lo w  m e l t  p o in t  a g a r o s e  g e l .  e x c is e d  
a n d  p u r i f i e d  u s in g  G e n e c l e a n  K it  ( B i o l O l ) .  T h e  s a m p le  w a s  t h e n  a t t a c h e d  to  
D y n a b e a d s  M - 2 8 0  S t r e p u v id in  ( D y n a l )  a c c o r d in g  to  th e  m a n u f a c tu r e r 's  in s tru c t io n s  
a n d  th e  s t r a n d s  d e n a tu i c d .  S e q u e n c in g  w a s  p e r f o r m e d  u s in g  a  S e q u e n a .se  K it (U S B ) . 
c D N A  f r o m  p a t ie n t  N A D  w a s  s e q u e n c e d  b y  u s in g  2(30 n g  o f  s t a r tF /A S R  P C R  
p r o d u c t  in  a  T a q u e n c e  C y c l e  S c q a e n c in g  r e a c t i c r .  ( U S B )

2 0 . K a t / .F .F . . .  L o v e r in g .R  C . .  B r a d l e y ,L  A  D  , R ig le v .K  P . .  B r o w n .D  . C o n e r ,  
F  . C h e s s e l s . J  ,M . L e v in s k y .R .J  a n d  K in n o n .C .  (I9>34) Leukemia. In  P r e s s  

21  C h o m c / y n s k i .P  a n d  S a c c h i .N .  ( 1 9 S 7 )  .4 n u / . BuKhem 1 6 2 .  1 5 6 - 1 5 9
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F j y  E . K n i z ' .  R u t h  C .  L o v u n n j ; ' ,  L i n d . i  A . D .  B u d  I c y ' ,  K e v i n  l>. R i d l e y ’ . D c r c k  B r o w n - ,  F i n b n r r  C o t t e r ' ,  j u d i t h  M  C h e s s e l l s ' ,
R o l . i n d  | .  L c v i n s k y ' ,  . i r u l  C h r i s t i n e  K i n n o n '

'M n l p t u l . i r  l in n u in o lo ( 4y  U n it ,  'I  l ,ic m ,r ln l(% y  .in d  O nciil< )(;v  U n it ,  ln \ t i l u t e  n i  C l i i ld  I l is i l lh .  I o n d o n ,  , in d  - C r i l l c r h ,  S lo tiy li , B u e k s . U K

T h e  g e n e  w h i c h  c a u s e s  X - l i n k e d  a g a m m a g l o b u l i n e m i a ,  b tk,  h a s  
r e c e n t l y  b e e n  i d e n t i f i e d  a s  a  c y t o p l a s m i c  t y r o s i n e  k i n a s e  
e x p r e s s e d  a l m o s t  e x c l u s i v e l y  i n  B  c e l l s ,  a n d  a t  a l l  s t a g e s  o f  B -  
c e l l  d i f f e r e n t i a t i o n .  T o  a s s e s s  t h e  p o s s i b i l i t y  o f  i n v o l v e m e n t  o f  
t h i s  g e n e  i n  c h i l d h o o d  B - c e l l  m a l i g n a n c i e s ,  c e l l s  f r o m  2 3  p e d i ­
a t r i c  p a t i e n t s  w i t h  B - c e l l  a c u t e  l y m p h o b l a s t i c  l e u k e m i a  w e r e  
e x a m i n e d  f o r  e x p r e s s i o n  a n d  a l t e r a t i o n  o f  t h e  B t k  p r o t e i n  a n d  
a l s o  f o r  m u t a t i o n s  i n  t h e  b tk  g e n e .  B t k  p r o t e i n s ,  s i m i l a r  I n  b o t h  
m o l e c u l a r  w e i g h t  a n d  q u a n t i t y  t o  t h o s e  s e e n  i n  u n a f f e c t e d  i n d i ­
v i d u a l s ,  w e r e  d e t e c t e d  i n  w h o l e  c e l l  l y s a t e s  f r o m  t h e  b l a s t s  o f  
1 2 / 1 2  p a t i e n t s  i n d i c a t i n g  t h a t  n o  a b n o r m a l  p r o t e i n  w a s  p r e s e n t .  
c O N A s  f r o m  t h e  l e u k e m i c  b l a s t s  o f  a l l  2 3  p a t i e n t s  w e r e  
s c r e e n e d  w i t h  s p e c i f i c  p r i m e r s  c o v e r i n g  t h e  c o d i n g  r e g i o n  o l  
t h e  b tk  c O N A  f o r  m u t a t i o n s  u s i n g  s i n g l e  s t r a n d  c o n f o r m a t i o n  
p o l y m o r p h i s m  ( S S C P )  a n a l y s i s .  N o  m u t a t i o n s  v / e r e  f o u n d  b u t  
a  n u c l e o t i d e  p o l y m o r p h i s m  w a s  i d e n t i f i e d  i n  4 / 2 3  p a t i e n t s  a t  
t h e  3  e n d  o f  btk.  A l t h o u g h  t h e  s a m p l e  s i z e  i n  t h i s  s t u d y  w a s  
r e l a t i v e l y  s m a l l ,  t h e s e  d a t a  s u g g e s t  t h a t  b tk  d o e s  n o t  a p p e a r  
t o  p l a y  a  c r i t i c a l  r o l e  i n  c h i l d h o o d  B - c e l l  l e u k e m i a s .

I N T R O D U C T I O N

A c u t e  l e u k e m i a ,  t h o u g h  a  r a i e  d n e a - . e ,  i s  t h e  c o m m o n e s t  t u r m  
o l  c h i l d h o o d  c a n c e r .  T h i s  i s  a n  e x t r e m e l y  h e t e r o g e n e o u s  
g r o u p  o f  d i s o r d e r s ,  b o t h  a t  c l i n i c a l  a n d  b i o l o g i c a l  l e v e l s ,  a n d  
n u m e r o u s  a g e n t s  r j r  m e c h a n i s m s  h . i v e  b e e n  i m p l i c a t e r l  i n  t h e  

d i s e a s e  p r o c e s s  B o t h  g e n e t i c  a n d  e n \ i r o n m e n l a l  l a c t o r s  h a v e  

b e e n  a s s o c i a t e d  w i t h  t h e  d e v e l o p m e n t  o f  c h i l d h o o d  a c u t e  
l y m p h o b l a s t i c  l e u k e m i a  (.A L L ) ( I )  I n f e c t i o n ,  e i t h e r  b y  b a c t e r i a  
o r  v i r u s e s  in u tcro  o r  e a r l y  i n f a n c y  h a s  b e e n  s u g g e s t e d  a s  a  
s t r o n g  r i s k  f a c t o r  i n  t h e  e t i o l o g y  o f  l e u k e m i a  ( 2 1 .  I n  p a r t i c u l a r ,  
v i r u s e s  m a y  a c t i v a t e  p r o t o - o n c o g e n e s  w h i c h  c a n  t h e n  I r a n s -  
f o r m  c e l l s  f r o m  t h e  n o r m a l  t o  t h e  m a l i g n a n t  p h e n o t y p e .

X - l i n k c d  a g a m m a g l o b u l i n e m i a  ( X L A I  i s  a n  i n h e r i t e d  i m m u ­
n o d e f i c i e n c y  d i s o r d e r  w h i c h  m a n i f e s t s  i t s e l f  i n  a f f e c t e d  b o y s  
b y  s e v e r e l y  d e p r e s s e d  o r  a b s e n t  l e v e l s  o f  a l l  c l a s s e s  o f  s e r u m  
i m m u n o g l o b u l i n s  ( 3 1 .  M a t u r e  B  c e l l s  a r e  e i t h e r  a b s e n t  a l t o ­
g e t h e r ,  o r  p r e s e n t  i n  v e r y  r e d u c e d  n u m b e r s  a n d  p a t i e n t s  r e a d ­
i l y  s u c c u m b  t o  l i f e - t h r e a t e n i n g  i n f e c t i o n s  (4 1 .  U s i n g  a  p o s ­
i t i o n a l  c l o n i n g  a p p r o a c h .  V e t r i e  e l  <il. ( 5 )  h a v e  r e c e n t l y  
i s o l a t e d  t h e  h ik  g e n e  ( a l s o  k n o w n  a s  a t k  o r  b p f c )  w h i c h  m a p s  
t o  X q 2 2 ,  t h e  r e g i o n  k n o w n  t o  c o n t a i n  t h e  X L A  g e n e  ( 6 , 7 ) .  T h e  
e x p r e s s i o n  o f  b tk  w a s  s h o w n  t o  b e  r e s t r i c t e d  t o  t h e  B - c e l l  l i n ­
e a g e  a n d  s o m e  m y e l o i d  c e l l  l i n e s .  D e l e t i o n s  a n d  p o i n t  
m u t a t i o n s  w e r e  d e m o n s t r a t e d  i n  8 / 3 3  X L  A  p a t i e n t s ,  s u g g e s t i n g  
t h a t  m u t a t i o n s  i n  b tk  a r e  c a u s a t i v e  o f  X L A  ( 3 ) .  A l  t h e  s a m e  
t i m e ,  T s u k a d a  et  a / .  ( 8 )  r e p o r t e d  t h e  i s o l a t i o n  o f  a  n o v e l  t y r o ­
s i n e  k i n a s e  f r o m  a  m o u s e  p r e - B  c e l l  c D N A  l i b r a r y  w h i c h  is

R e c e iv e d  A u jtu s l 1 3 . I 9 ‘) l  A c v e p lc d  N n v e m lx .T  ') , 1 9 4 !  
C o r r e s p o n d e n c e  to :  D r C lir i> lin e  K in n n n , M o le c u l a r  I n m iu n o lo g v  
U n it,  I n s t i tu t e  o f  C h i ld  H e a llh ,  Id  C iu i l lo u l  Si. L o n d o n . V V C IN  IL H . 
UK .

LEUKtMtA
©  f 9 9 4  M ,ic n ii7 / . in  P r o -  L td

a l s o  e x p r e s s e d  i n  B  a n d  m y e l o i d  c e l l s .  S e q u e n c e  c o m p a r i s o n  
s h o w e d  t h i s  t o  b e  t h e  m u r i n e  h o m o l o g  o f  btk.

B t k  s h a r e s  s o m e  s t r u c t u r a l  f e a t u r e s  w i t h  m e m b e r s  o f  t h e  S r c  
f a m i l y  o f  p r o t e i n  t y r o s i n e  k i n a s e s  ( 5 , 8 ) ,  a l t h o u g h  it  l a c k s  t h e  
C  l e i m i n a l  r e g u l a t u i y  i y i o s i n e  a n d  N  i e n n i n a l  m y r i s t y l a t i O o  
se q u e n c e ,  a n d  m o r e  c l o s e l y  r e s e m b l e s  t h e  t w o  r e c e n t l y  
d e s c r i b e d  c y t o p l a s m i c  t y r o s i n e  k i n a s e s  T e c  a n d  I t k  ( 9 , 1 0 ) .  
H o w e v e r ,  b e c a u s e  o f  i t s  s i m i l a r i t y  t o  t h e  S r c  f a m i l y  a n d  i t s  
e x p r e s s i o n  a t  a l l  s t a g e s  o f  8 - c e l l  m a t u r a t i o n ,  it  w a s  s u g g e s t e d  
t h a t  B t k  m a y  h a v e  a n  o n c o g e n i c  p o t e n t i a l  i n  B  c e l l s  ( S ) .  I n  
t w o  t y p e s  o f  l e u k e m i a ,  n a m e l y  P h i l a d e l p h i a - p o s i t i v e  c o m m o n  
A L L  a n d  c h r o n i c  m y e l o i d  l e u k e m i a  ( C M L ) .  d e r e g u l a t i o n  o f  
t y r o x i n o  k i n a s e  a c t i v i t y  h a s  b e e n  s h o w n  t o  b e  a c t i v e l y  
i n v o l v e d  i n  t h e  d i s e a s e  p r o c e s s  ( I I )  T h e  ( 1 9 , 2 2 ) ,  w h i c h  i s  p r e ­
s e n t  i n  o v e r  9 0 '% ,  o f  c a s e s  o f  C M L  a n d  2 0 '% , o f  c a s e s  o f  a d u l t  
A I L .  g i v e s  r i s e  t o  a  b c r - . i b /  f u s i o n  g e n e  a n d  t h e  r e s u l t a n t  c h i m ­
e r i c  m R .N A  p r i x l u c e s  a  h y b r i d  p r o t e i n  w i t h  i t s  N  t e r m i n a l  
d e r i v e d  iroru her  ( o n  c h r o m o s o m e  9 )  a n d  i t s  C t e r m i n a l  f r o m  
.1/ 1/  ( o n  c h r o m o s o m e  2 2 ) .  D e r e g u l a t i o n  o f  t h e  t y r o s i n e  k i n a s e  
a t  t i v i t v  o f  t h e  n o r m a l  a W  p r o d u c t  r e s u l t s .  O t h e r  g e n e  f u s i o n s ,  
a n d  b v  a n a l o g y  f u s i o n  t r a n s c r i | ) t s  a n d  p r o t e i n s ,  h a v e  b e e n  
s h o w n  t o  b e  i m p l i c a t e d  i n  a c u t e  l e u k e m i a s  c a r r y i n g  t h e  
t d . l ' l ) .  ( ( ( ) , ') ) .  ( ( 1 5 : 1 7 ) ,  1 ( 8 .1 4 1 .  a n d  ( I I  : l  4 )  ( I 2 )  I n  a l l  o f  t h e s e  
< a x e s ,  h o w e v e r ,  t r a n s c r i p t i o n  f a c t o r s  r a t h e r  t h a n  t y r o s i n e  k i n -  
, i x e x  . i r e  i n v o l v e d  i n  t h e  g e n e s i s  01 t h e  m a l i g n a n t  v

I n  o r t l e r  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  b tk  p l a y s  a  r o l e  i n  
B - c e l l  m a l i g n a n c y ,  w e  h a v e  e x a m i n e d  a  t o t a l  o f  2 3  c a s e s  o f  
c h i l d h o o d  B l i n e a g e  A L L  f o r  e x p r e s s i o n  o f  btk. T h e s e  l e u k e ­
m i a s  a r e  t h o u g h t  t o  b e  r e p r e s e n t a t i v e  o f  t h e  e a r l y  s t a g e s  o f  
n o r m a l  B - c e l l  d e v e l o p m e n t .  T r a n s l o c a t i o n s ,  d e l e t i o n s  o r  
n u m e r i c a l  c h a n g e s  i n v o l v i n g  t h e  X c h r o m o s o m e  a r e  v e r y  r a r e  
i n  B  l i n e a g e  l y m p h o b l a s t i c  l e u k e m i a s  ( 1 3 ) ,  a n d  n o n e  o f  t h e  
p a t i e n t s  w e  s t u d i e d  h a d  a n y  o b v i o u s  X c h r o m o s o m e - a s s o c i ­
a t e d  k a r y o t y p i c  a b n o r m a l i t i e s .  E x p r e s s i o n  w a s  i n v e s t i g a t e d  i n  
1 2  c a s e s  u s i n g  a  n o v e l  a n t i s e r u m  r a i s e d  a g a i n s t  t h e  B t k  p r o ­
t e i n .  P o i n t  m u t a t i o n s  i n  t h e  b tk  g e n e  w e r e  s c r e e n e d  f o r  i n  
t h e s e ,  a n d  a  f u r t h e r  I I c a s e s ,  u s i n g  s i n g l e  s t r a n d  c o n f o r m a t i o n  
p o l y m o r p h i s m  ( S S C P )  a n a l y s i s .  A n y  m u t a t i o n s  i d e n t i f i e d  i n  
t h i s  w a y  c o u l d  b e  i m p l i c a t e d  i n  t h e  m a l i g n a n t  t r a n s f o r m ­
a t i o n  p r o c e s s .

M A T E R I A L S  A N D  M E T H O D S

P dtien t  S an ip /es

C r y o p r e s o r v e d  p r e s e n t a t i o n  l e u k e m i c  b l a s t s  f r o m  2 3  p a t i e n t s  
w i t h  B - c e l l  A L L  w e r e  s t u d i e d .  T h e s e  c o m p r i s e d  I 1 p a t i e n t s  
w i l l i  n u l l  (B  p r e c u r s o r )  A L L . f i v e  p a t i e n t s  w i t h  c o m m o n  A L L ,  
f o u r  p a t i e n t s  w i t h  p r e - B  A L L . a n d  t h r e e  p a t i e n t s  w i t h  m a t u r e  
B  .A LL N o n e  o f  t h e  p a t i e n t s  s t u d i e d  h a d  a n y  d e t e c t a b l e  c y t o ­
g e n e t i c  a b n o r m a l i t i e s  i n v o l v i n g  t h e  X c h r o m o s o m e .  C l i n i c a l  
d e t a i l x  o f  t h e  p a t i e n t s  a r e  s h o w  n  i n  T a b l e  I
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T a b l e  I
S tu d y

t  I m it  a i D i 'l a iK  a n d  I n im u n i i p b t  n i i i v |x 's  o i I e u k e m i t  H la 'l>  n o m  J i  P a l ie n l ' ,  In v e s l iH a lo d  m  T h i t

P a t i e n t A g e S e x W B C  
(X 1 0  VI)

F A B I m m u n o p h e n o l y p e

1 1 5  m o M 2 2 0 L l (N u ll A L L )
2 18  m o F 141 L l C D  1 0 - ,  C D  19+  H L A D R + , c y l^ t - ,  T d T + / -
3 12  m o M 3 7 0 L l
4 4  m o F 8 0 0 L l
5 1 5  m o F 7 6 0 L1
6 3  m o F 2 8 0 L l
7 3  m o M 1 8 0 L1
8 6  m o F 4 2 6 L l
9 8  m o M 1 9 0 L l

1 0 0  5  m o W 1 0 1 8 L l
11 3  m o M 71 L l

1 2 3 W 2 5 L l ( C o m m o n  A L L )
1 3 6  y r F 7 7 L l C D 1 0 +  C D 1 9 + ,  H L A D R + . c y l ^ - .  T d T +
14 6  y r M 1 8 8 L l
15 5  y r M 7 5 1 L l
16 4  y r F 1 3 6 L l

17 3 y r F 12 L l ( P r e  B  A LL)
18 12  yr M 17 L l C D IO + . C D 1 9 +  H L A O R + . c y lM +  T d T +
19 13 yr M 9 0 L l
2 0 5  yr M 3 L l

21 5  yr W 7 L 3 (B  A L L )
2 2 5  yr M 9 L 3 C D  1 0 -  C D 1 9 +  H L A D R +  c y ’M - T d T -  S m i g t
2 3 M 2 2 L 3

Anlir^rrum  P ro d u c tio n

T w o  (> ln ;(iM u( l i ' u l i d c  p r i n i t T s  w c r i '  d u s i ^ n i ' d  I n  t n  a l i  a  

/ J . i i i i l  li f t  o K I  p o l y m f r . i M ' i l i . i i i i  r i M i l i i m  t l ' l  K i a n i p l i l n  a l m n  

p r i i f l u r  I ( o n t a i n i r i i !  t h e  c U \  \  ( | u r n (  c  l i i r  a m i n o  a< i d s  11, ( 

tl I J i l l  o l  t h e  H ik  p r o l i ' i n ,  I I n s  i i a ^ i n i  o l u a s  i l o n c d  a n d  

e x p r t ' s s c d  in  t l i c  h a t  I t  r i a l  o x p r n s s i o n  p l a s m i d  t ' ( , l  \  J  I ( I 4 i .  

T h e  s o l u h l f  t u s i o n  p r o l i ' i n  w a s  p u r i l i n d  I l 4 i ,  s h o w n  I n  b n  a  

s i n ^ l f  s p t ' t l i ' s  o l  a p p r o x i m a l t ' l v  I h n  i o r r n t  I m o l n t  u l a r  w c i i ; h l  

b y  S D S -P A C iE ,  a n t i  t i s n d  l o  i m n u i n i / c  N /  w h i l e  r a b b i l s  a s

r i e s t  r i b e i l  I n  T s u k a d a  e f  a / .  iH i. e x i  e p i  l h a l  l l i e  a n i m a l s  w e r e  

b o o s t e d  m o n l h i x  A n i i s e r a  w e r e  i o l l e t  l e d  a  I m o n l h i v  i n t e r  

t a l s .  s t a r l i n g  I w e e k  a l t e r  t h e  l i i s l  b o o s i e r  I h e  a n i i s e r a  w e r e  

s h o w n  l o  b e  s p e t  i l i i  l o r  t h e  h i k  p r o t e i n  b y  T l IS A , W e s t e r n  

l i l o l  a n a l y  SIS a n d  i m n u i n o p r e i  i p i l a l i o n  ■ I o y  e i i i u ;  e l  a / , u n p u b  

l i s h e d  o b s e r y a l l o n s )  Hy W e s t e r n  b l o t  a n a l y s i s ,  I h e  T 7  k l ) a  

p r o t e i n  i d e n l i l i e d  s p e i  iti i a l l y  yy i l h  I h e  a n i i s e r u m  in  I? e e l l s  a n d  

p e r i p h e r a l  b l o o d  l y m p h o t  y i e s  y y a s  n o t  p r e s e n t  in  T t  e l l s  n o r  

in  I h e  p e r i p h e r a l  b l o o d  ly m p h o t  v i e s  o l  \ t  \  p a t i e n t s ,  T yyo  

a d d i t i o n a l  s p e t  l e s  o t  I O l) k f ) a  a n d  7 0  k D a  t r o s s - r e a t  l e d  yy i lh

3 4 5 6 7 8 9 10 11 12 13 14 15

97kD-

69kD —

46kD-

F ig u re  1 W e s te r n  h lo l  j n j i y s i s  o f  le u k e m i c  w h o le  c e l l  ly s J l e s  d e l e d e d  w ilh  jn ie W ik  a n l t s e r u tn .  T h e  ir n c k s  w e r e  l o a d e d  tis ro H o w s ; i r j c k s
I ,  2 tim l 7 n u l l  ALL, t f c u k s  i ,  4 , H, 9  a n d  ID ( o t n t n o n  Al I , I ra t k i  5, h  . in d  1 I p re -B  ALL. t r a c k  12 B ALL, t r a c k  1 i  n o r m a l  iX 'r ip h e r .i l  B lo o d  
m o n o n u c l e a r  c e l l s ,  t r a c k  14 B -c e ll l in e  IV. tr,K k 11 T -c e ll l in e  lu rk a t .  T h e  7 7  k O a  Btk p r o lt- in  is i n d i c a t e d  hv  a n  a r r o w .  E ( |u a l c e l l  n u m l i e r s  
w e r e  l o a d t 'd  in  e a c h  tra r  k a n d  s im i la r  le v e ls  o l  p r o te in  w e r e  d e l e c t e d  in  th e  le u k e m ic  p re -B  c c'll l in e  \ a l m - f >  ( re s u l ts  n o t s h o w n )
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229



1 2
m R N A  û n d  cD M A  P rep jrM io n

n i R N A  v v . i s  p r e p . U f f l  t r o n i  t h e  c r v o p r e s e r v e c i  l o u k e m i c  c e l l s  
u s i n i -  t h e  F A S T - T R A C K  k i t  ( l i t v i t r o g e n ;  B r i t i s h  B i o t e t h n o l o ^ v  
P r o t l u c t s ,  A b i n ) ; c l i ) n ,  U K )  o n r i  u s e d  t o  p r e p a r e  c D N A  b v  a  
m o d i  t i e d  R T - P C R  m e t h o d  i n c o r p o r a t i n g  r a n d o m  h e x a m e r  o l i ­
g o n u c l e o t i d e  ( i r i m e r s .  N o r m a l  B - c e l l  m R N A  a n r i  c O N A  t o r  
u s e  a s  c o n t r o l s  w e r e  p r e j j a r c x l  I r o m  p e r i p h e r a l  b l o o d  m o n o n u ­
c l e a r  c e l l s  a n d  E B V  t r a n s f o r m e d  B - c e l l  l i n e s .

< c

F ig u re  2  SSC I* .in .ilvM s o l (h o  1 I 2 h p  PC K  p r o r lu t  r i r n m  ( h o  Î '  o m l 
o t  (h o  htk g o n o  (m ic lo o lu lo  ro su U io s  2 t ) 2 l  to  21 ( U  ( fo n t  c O N A s  o( 
(w o  lo u k o m u  p .ji io t i ls  i l r .u k s  I . in d  1 \. s h o w in g  tfu* n u f lo o l i r lo  p o k  - 
m o f p h t \m  .11 p o s i t io n  2 0 i l .  T ho  a r r o w s  to  (h e  I o il in i l ic .i to  s in g lo -  
s l r a n d o d  [ ) \ A  o l th o  r .iro r .i l lo lo  in  l r . u k  I v sfiilo  ih o  . i r r o w s  o n  th o  
r ig h t in d u  .ito  I ho  s in g l o - s l i . in d r d  ( ) \  \  o l I h o  n i o r r  < o n in io n  .illc li-  in 
t r . u k  2 ( h r  u n id o n l i u o d  s |)o t lo s  in  t r .u k  I is  r o s itlu .i l  o n d o n a lu r o d  
d o u h l f  s i r . i n d r d  f ) \ A

PC R Am plitic< ition  a n d  SSC P  A n a lysis

O v e r l a p p i n g  p r i m e r  s e t s  w e r e  d e s i g n e d  t o  s p a n  t h e  e n t i r e  
c r x l i n g  r e g i o n  o f  t h e  b lk  c D N A .  D e t a i l s  o f  t h e s e  p r i m e r s  a r e  
r e p o r t e d  e l s e w h e r e  ( ! 5 | .  A l l  s D N A  s a m p l e s  w e r e  c h e c k e d  f o r  
r e a c t i v i t y  w i t h  e a c h  p r i m e r  s e t  b e f o r e  S S C P  a n a l y s i s .  P C R  
a m p l i f i c a t i o n  w a s  c a r r i e d  o u t  o n  I - 1  p g  c O N A  u s i n g  a  
U y b a i d  t h e r m a l  r e a c t o r  a n d  t h e  f o l l o s v i n g  c o n d i t i o n s :  a n  
i n i t i a l  d é n a t u r a t i o n  s t e | )  o f  < ) 4 'C  f o r  4 m m .  J O  c y c l e s  o t  0 - 4 ’C  
( J O  s i ,  S T 'C  1 1 0  s i ,  7 2 ’ C  ( I  m i n i ,  f i n a l  e x t e n s i o n  s t e p  o l  7 J ’C  
f o r  1 0  m i n  | ' - P | - d C T P  w a s  a d d e d  t o  t h e  r e a c t i o n  m i x t u r e  
i m m e d i a t e l v  p r i o r  t o  P (  R  a m i i l i f i c a t i o n .  P C R  p r o d u i  t s  g r e a t e r  
t h a n  2 S O  b p  w e r e  d i g e s t e d  a l  J 7  C  o s e r n i g h t  u s i n g  a n  a p p r o ­
p r i a t e  r e s t r i c t i o n  e n z y m e  l l  i l .  D i g e s t e d  a n d  u n d i g e s t e d  P C R  
p r o d u c  t s  u e r e  c h e c k e d  f o r  a d e < | u a l e  a m p l i f i e  a t i o n  a n d  d i ,g e s ­
t i o n  b e  t o  r e  S S C P  a n a l v s i s

t h e  a n i i s e r a  o n  W e s t e r n  a n a K s i s ,  h o w e v e r  I h e v  w e r e  n o l  

i m m u n o p r e c  i p i t a l e d  I n  i h e  a n i i s e r a  i r e s u l t s  n o t  s h o w n i  T h e  

p a t t e r n  i i t  e x p r e s s i o n  o l  t h e  k D a  a n d  a d d i t i o n a l  p r o t e i n s  

w a s  c o m p a r a b l e  d i r e i  t l \  w i t h  t h a t  i d e n t i l i e d  I n  t h e  a n t i - B | i k  

a n t i s e r a  g e n e r a t e d  I n  F s u k .u l a  e t  a / .  i r e s u l t s  n o t  s h o w  n i .

U c'stert) />’/(Jt \n a h  sis

V \ h o l e  c e l l  U s â t e s  w e r e  p r e | i a r e d  f r o m  c r v o p r e s e r v e c i  l e u ­
k e m i c  b l a s t s ,  w h e r e  a v a i l a b l e ,  b v  h v p o t o n i c  l y s i s  i n  b u f f e r  
( l O m v i  T r i s  p f  I 7 . 4 ,  2  m \ i  K t g C I ,, 1 m v i  C a (  1 ,1 c o n t a i n i n g  
I m \ i  P W S F  l a s  a  | ) r o l e a s e  i n h i b i t o r i  a t  a  c e l l  c o n c e n t r a t i o n  o t  
5  X I o ' / m l .  A l t e r  l y s i s ,  a n  e c | u a l  v o l u m e  o f  r e d u c i n g  l o a d i n g  
b u t l e r  w a s  a d d e d  t o  e a c h  s a m p l e ,  s a n g i l e s  w e r e  t h e n  s t o r e d  
a t  - 2 ( 1  C .  A  v o l u m e  o f  I v s a l e  c o r r e s | > o n d i n g  t o  I x ,  1 0 "  c e l l s  
w a s  b o i l e d  f o r  5  m i n  a n d  t h e n  s e t i a r a t e c i  o n  7A"/.> d e n a t u r i n g  
p o l y  a c r v l a m i d c . '  g e l s  i n  T r i s / g l y c  i n e . 'S D S  b u f f e r  o v e r n i g h t  a t  
4 0  V  a n d  r o o m  t e m p e r a t u r e .  T h e  e l e c t r o p h o r e s e d  p r o t e i n s  
w e r e  t r a n s f e r r e d  o n t o  F l y b o n d  C  n y l o n  m e m b r a n e s  
( A m e r s h a m  I n t e r n a t i o n a l ,  A m e r s h a m ,  U K l ,  a n d  s t o r e d  a t  
- 2 0 ' C .  I m m e d i a t e l y  p r i o r  t o  i m m u n o h l o t t i n g ,  t h e  m e m b r a n e s  
w e r e  i n c u b a t e d  i n  5 " /n  n o n - f a t  m i l k  i n  p h o s p h a t e - b u f f e r e d  
s a l i n e  ' A '  i P B S A )  w i t h  g e n t l e  r o c k i n g  f o r  a t  l e a s t  2  h  a t  r o o m  
t e m p e r a t u r e  t o  b l o c k  n o n - s p e c i f i c  b i n d i n g .  T h e y  w e r e  t h e n  
r i n s e d  b r i e f l y  i n  0 , 1 'X , T w e e n  2 0 / P B S A  ( T P B S A ) ,  a n d  i n c u ­
b a t e d  f o r  1 h  w i t h  r o c k i n g  i n  J 'X ,  B S A .d ’ B S A ,  A f t e r  a  s e c o n d  
w a s h ,  t h e y  w e r e  i n c u b a t e d  w i t h  a  I : 1 0 0  d i l u t i o n  o f  p u r i f i e d  
a n t i - B t k  a n t i s e r u m  i n  ( 2 0 0  m .v i  T r i s / 0 , 0 5 " / l i  T w e e n  2 0  I f e t a l  
c a l f  s e r u m  ( T T F ) i  f o r  a t  l e a s t  J  h v v i t h  g e n t l e  r o c k i n g .  T h e  m e m ­
b r a n e s  w e r e  t h e n  w a s h e d  t w i c e  l o r  5  m i n  i n  T P B S A  a n d  t h e n  
i n c u b a t e d  w i t h  a  1 : 1 0 0 0  d i l u t i o n  o f  h o r s e - r a d i s h  p e r o x i d a s e  
c o n j u g a t e d  g o a t  a n i i - r a b b i t  I g  a n t i s e r u m  i n  T T F  f o r  a  f u r t h e r
l . S  h  a t  r o o m  t e m p e r a t u r e .  F o l l o w i n g  a  f u r t h e r  f i v e  w a s h e s  i n  
T P B S A ,  t h e  a n t i g e n / a n t i b o d y  r e a c t i o n s  w e r e  v i s u a l i z e d  u s i n g  
t h e  e n h a n c e d  c h e m i l u m i n e s c  e n c e  ( E C L l  d e t e c t i o n  s v s l e i n  
( A m e r s h a m  I n t e r n a l i o n a l i ,  T h e  m e m b r a n e s  w e r e  a u t o r a r l i o -  
g r a p h e d  f o r  t i m e  p e r i o d s  r a n g i n g  I r o m  5 0  s  t o  o v e r n i g h t .

SSC P  A n a lv d s

A l i ( |u o l x  o t  t h e  P (  R p r o d u c t s  w e r e  d i l u t e d  i n t o  a  m i x t u r e  o l  

0 . 1 " . ,  S D S  lO m v c  I D  1 A a n d  2 p i  o t  e a c h  d i l u t i o n  a d d e d  to  

a n  c 'c |u a l  v o l u m e  o l  s l o p  s o l u t i o n  I ' t  J " , ,  d e i o n i z e d  

l o r m . i m i d e  2 0  m \ i  F D l  A .'O .O  >",, b r o m o p h e n o l  b l u e  0 . 0 1 " , ,  

XV l e n t '  c v a n o h .  T h e  s a m p l e s  w e r e  t h e n  d e n . i t c i r e i l  ,i l  0 1  ( t o r  

i m i n ,  c o o l e c i  o n  ic i - a m  I i m m e d i a t e l v  li la i l e d  o n t o  ,i t ,  .. n i in  

d e n a t u r i n g  |) o l v a c  r v l . i m i d e  g e l  (Ac u g e l :  N . l l i o n a l  D i a g n o s t i c s ,  

- \ t l a n t a ,  C \ .  L S M ,  c o n t a i n i n g  J " „  g l v c e r o l .  d e l s  w e r e  ro c i-  

l i n e lv  r u n  in  1 < TBE b u t t e r  f o r  J - f i  h ,  a t  10  W ,  a t  r o o m  t e m ­

p e r a t u r e  a n d  w e r e  t h e n  d r i e d  a n d  a u t o r a d i o g r a p h e d  f o r  u(> t o

R E S U L T S  A N D  D I S C U S S I O N

T h e  7 7  k D a  B tk  p r o t e i n  w a s  d e t e c t e d  i n  w h o l e  c e l l  I v s a t e s  
f r o m  1 2  p a t i e n t s  s t u d i e d ;  t h r e e  c a s e s  o f  n u l l  A l l  ( ( r a t i e n t s  1 ,  2  
a n d  9 i ,  l i v e  c a s e s  o f  c o m m o n  A L L  ( p a t i e n t s  1 2 ,  1 5 ,  1 4 ,  I S  
a n d  1 h i ,  t h r e e  p r e - B  A L L s  ( p a t i e n t s  1 7 ,  1 8  a n d  1 0 1 , a n d  o n e  
B .A L L  ( p a t i e n t  2 1 1 ( T a b l e  1 ) ,  T h e  m a j o r i t y  o f  t h e  r e t r o s p e c t i v e  
g r o u p  o f  p a t i e n t s  h a d  h i g h  w h i t e  c e l l  c o u n t s  a n d  e x t e n s i v e  
d i s e a s e ,  r e p r e s e n t i n g  t h e  w o r s t  p r o g n o s t i c  g r o u p  i n  c h i l d h o o d  
A L L  ( 1 6 ) ,  N o  s i g n i f i c a n t  C |c i a n t i l a t i v e  o r  C |u a l i t a t i v e  d i f f e r e n c e s  
i n  t h e  B t k  p r o t e i n  w e r e  s e e n  i n  a n y  p a t i e n t  g r o u p :  t h e  l e v e l  o f  
e x p r e s s i o n  a n d  t h e  m o l e c u l a r  w e i g h t  o f  t h e  p r o t e i n ,  7 7  k D a ,  
a p p e a r e d  s i m i l a r  i n  a l l  c a s e s  t o  t h a t  o f  p e r i ( ) h e r a l  b l o o d  
m o n o n u c l e a r  c e l l s  f r o m  u n a f f e c t e d  i n d i v i d u a l s  a n d  B - c e l l  
l i n e s  ( F i g u r e  1 1.

U s i n g  R N A  w h i c h  h a d  b e e n  i s o l a t e d  a t  p r e s e n t a t i o n  f r o m  
a l l  2  5 p a t i e n t s ,  S S C P  a n a l y s i s  o f  t h e  p r e p a r e d  c D . N A s  ( u s i n g  
p r i m e r  ( j a i r s  s p a n n i n g  t h e  e n t i r e  c o d i n g  r e g i o n  o f  t h e  b tk  g e n e )  
s h o w e d  n o  b a n d  s h i f t s  a s s o c i a t e d  w i t h  a  m u t a t i o n  i n  t h e  g e n e .  
A l t h o u g h  t h e  s a n i | ) l e  s i z e  s t u d i e d  h e r e  i s  r e l a t i v e l y  s m a l l ,  i t  
a p p e a r s  u n l i k e l v  t h a t  m u t a t i o n s  i n  b tk  r e p r e s e n t  a  m a j o r  
c a u s a t i v e  f a c t o r  i n  B - c e l l  l e u k e m i a .  B a n d  s h i f t s  w e r e  s e e n  i n  
f o u r  p a t i e n t s  ' p a t i e n t s  4 .  6 ,  1 4  a n d  1 8 l ,  u s i n g  t h e  m o s t  5 ' s e t
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o l  p r i m e r  p . i i r s ,  o n c l  t h e s e  w e r e  s u h s e q u e n l l y  s h o w n  t o  h e  c l u e  
l o  .1 p o l y m o r p h i s m  ( F i g u r e  2 ) .  T h i s  p o l y m o r p h i c  b a n d  s h i f t  
w a s  a l s o  s e e n  i n  4 / 1 3  p a t i e n t s  w i t h  X L A , g i v i n g  a n  o v e r a l l  
h e t e r o z y g o s i t y  o f  3 5 % ,  a n d  s u g g e s t i n g  t h a t  it  m a y  h e  u s e f u l  f o r  
t h e  d e t e r m i n a t i o n  o f  X L A  c a r r i e r  s t a t u s  i n  s o m e  f e m a l e s  ( 1 5 ) .

A l t h o u g h  n o  k a r y o t y p i c  a b n o r m a l i t i e s  a r e  a s s o c i a t e d  w i t h  
X L A , d e l e t i o n s ,  i n s e r t i o n s  a n d  ( X ) i n t  m u t a t i o n s  i n  t h e  h ik  g e n e  
h a v e  b e e n  i d e n t i f i e d  u s i n g  S o u t h e r n  b l o t t i n g ,  S S C P  a n d  
s e q u e n c e  a n a l y s i s  ( 5 , 1 5 , 1 7 ) .  T h e  B t k  p r o t e i n  h a s  b e e n  s h o w n  
t o  b e  a  t y r o s i n e  k i n a s e  ( 8 ) ,  h o w e v e r ,  w e  h a v e  s h o w n  h e r e  t h a t  
it  i s  u n l i k e l y  t o  b e  o f  m a j o r  i m p o r t a n c e  i n  m a l i g n a n t  B - c e l l  
t r a n s f o r m a t i o n  a n d  l e u k e m o g e n e s i s ,  a t  l e a s t  i n  t h e  B - c e l l  
m a l i g n a n c i e s  o f  c h i l d h c x r d .  I n  X L A  p a t i e n t s ,  t h e  b l o c k  i n  B -  
c e l l  d i f f e r e n t i a t i o n  a p p e a r s  t o  o c c u r  a f t e r  t h e  p r e - B  c e l l  s t a g e ,  
? S  t h e  n u m b e r s  o f  t h e s e  c e l l s  i n  t h e i r  b o n e  m . a r r o w  a r e  n o r m a l  
O u r  f i n d i n g s  d o  n o t  e x c l u d e  t h e  p o s s i b i l i t y  o f  b tk  i n v o l v e m e n t  
i n  o t h e r  l e u k e m i a s  i n c l u d i n g  t h o s e  w h e r e  t h e  t a r g e t  c e l l s  f o r  
m a l i g n a n t  t r a n s f o r m a t i o n  a r e  m o r e  s i m i l a r  t o  t h o s e  a b s e n t  i n  
X L A  p a t i e n t s .  It m a y  b e  o f  i n t e r e s t ,  t h e r e f o r e ,  t o  c h a r a c t e r i z e  
b lk  e x p r e s s i o n  i n  c h r o n i c  l y m p h o c y t i c  l e u k e m i a  ( C L L ) ,  i n  
w h i c h  B  c e l l s  o f  i n t e r m e d i a t e  m a t u r i t y  h a v e  b e e n  t r a n s f o r m e d ,  
a n d  a l s o  t h e  f o l i c u l a r  l y m p h o m a s  w h i c h  r e p r e s e n t  t h e  m a j o r  
g r o u p  o f  B - c c l l  m a l i g n a n c i e s  i n  a d u l t s .  I n  c o n c l u s i o n ,  t h e  f a c t  
t h a t  t h e  b lk  g e n e  a p p e a r s  t o  h a v e  l i t t l e ,  o r  n o ,  o n c o g e n i c  
p o t e n t i a l  i n  t h e  l e u k e m i a s  s t u d i e d ,  s u g g e s t s  t h a t  it  m a y  b e  u s e ­
f u l  t o  d e v e l o p  t h e  t e c h n i q u e s  f o r  s o m a t i c  g e n e  l h e r a ( ) y  t o  c o r ­
r e c t  t h e  d e f e c t  i n  c h i l d r e n  w i t h  X - l i n k e d  a g a m m a g l o b u l i ­
n e m i a ,

A c k n o w le d iie n w n ls .  I V e  w o u ld  like  lo  ih n n k Dr I’.iu l B.iird  
lor h e lp  ,in d  n d v ic c  in  s e t t i n g  u p  th e  SSC P  , i n a / y s i s .  th e  W e ll­
c o m e  Trust, th e  L e u k je m i .i  R e s e jrc h  F u n d  a n r f  Ihe C h ild  
H e n h h  R ese .irch  A p p e a l  Trust o l th e  I n s t i t u t e  o i C h ild  H e.illh  
lor  f i n a n c i a l  sup p o rt.
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1 7 . L o s e r i n g  R . S s s e a t m a n  A , G e n e t  S , M i d d l e t o n - P r i c c  H ,  V e t r i e  D ,  
V o r e c h o s  s k y  I. B e n t l e y  D ,  F o n t a n  G ,  E s p a n o l  T , M o r g a n  G ,  L e v i n ­
s k y  R , K i n n o n  C  I d e n t i f i c l i o n  o f  d e l e t i o n s  in  t h e  htk  g e n e  a l l o s v s  
u n a m b i g u o u s  a s s e s s m e n t  o f  c a r r i e r  s t a t u s  i n  f a m i l i e s  s v i th  X - 
l i n k e d  a g g a m a g l o b u l i n a e m i a  ( i n  p r e s s ) .
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