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ABSTRACT

Molecular biology technigues are becoming increasingly widely used in the
field of transfusion science. The investigation of the Kell blood group system,

using a selection of these techniques, is described in this thesis.

The first part of the investigation involved the synthesis of KEL cDNA from total
RNA by reverse (ranscription and its subsequent amplification using the
polymerase chain reaction (PCR). The resulting material was cloned into a
plashﬁd and the cloned PCR products were then used for in situ hybridization
studies to refine the location of the KEL gene on human chromosome 7 to 7q33-
q35. This was a more precise location than had been previously published.

Kell null is a rare phenotype within the Kell blood group system, where none of
the Kell system antigens can be detected on the red cell surface. Southern blot
investigation of total genomic DNA from one such individual revealed the
presence of a KEL gene in a similar form to that present in normal Kell
phenotvpe donors. These results indicate that this example of the null
phenotype did not arise as a result of a major gene deletion. This suggests that
the development of Kell system antigens, in this particular case, is blocked
during transcription or translation of the protein.

Direct sequence analysis of PCR producis derived from individuals of
predetermined Kell phenotype allowed the identification of a single C->T
nucleotide substitution at pesition 701. This is responsible for the difference in
expression of k (Cellano) and K (Kell} antigens on the red cell surface. This
provided independent confirmation of the results published by another group
of workers while this section of the work was in progress. The C->T1 nucleotide
substitution creates a Bsm [ restriction enzyme site when the sequence
cncoding the K antigen (the T nucleotide) is present. This enabled the
development of a PCR-based genotyping assay for Kell (K1 or K) and Cellano (K2
or k). The assay involves the co-amplification from a total genomic DNA target
of two PCR products, one which spans the K/k polymorphic site and a second
which spans a conserved Bsm 1 site and which acts as an internal control for
the assay. Several samples of KK, Kk and kk genomic DNA were analysed by this
assay and definitive genotyping results were obtained for all samples. This
should prove to he a useful tool for antenatal genotype determination in cases




where haemolytic disease of the newborn is implicated, and could be
incorporated into a battery of PCR tests 1o establish a panel of typed donors.

The use of molecular biology techniques in the investigation of the Kell blood
group system has allowed new information to be obtained regarding the
molecular basis for the expression of antigens on the red cell surface. This
should be a suitable foundation for the continuation of the work, allowing a
more detailed investigation of the system as a whole, defining the basis for the
other polymorphisms and enabling the development of diagnostic tests for the
other allellic antigen sets.
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SECTION 1

Introduction to the application of molccular
biology in transfusion science




SECTION 1 Introduction to the application of molecular biology in

transfusion science

1.1 Iniroduction to the development of a membranc protcin

Since the middle of this century, when DNA was identified as the genetic
material and its structure determined, progress in molecular biology has
provided a theoretical basis and methodologies tor the understanding of blood
group systems in terms of molecular genetics, The basic steps involved in
production of red cell antigens is summarised in Figure 1.1. DNA encoding the
proteins which carry blood group antigens is transcribed to RNA. This is then
modified by capping of the 5' end, polyadenylation of the 3' end and removal of
non-coding introns. The mRNA is then transported to the cell cytoplasm where
it is translated to form protein which carries the antigens. This is theun inserted
into the red cell membrane. As a result, blood group antigens are expressed on
the surface of the red cell. It is likely that the proteins carrying red cell
antigenic determinants may associate tegether in the red cell membrane but
precise details of the nature of these possible interactions remain to be
described (Anstee, 1995),

1.2 Qutline of molccular biology techniques used in transfusion
science

Investigation of the ABO, Rhesus, Kell, Kidd, Duffy and MNSs blood group
systems using methods which relate to the genetic material is already well
established. Several techniques will be described below and the the results
which relate to individual blood group systems will be discussed in the

subsequent subsections.

1.2.1 Use of complementary DNA libraries to isolate blood group
¢DNAs

One approach which can be adopted when locating a gene encoding a
particular blood group system requires that the protein is purified and a partial
amino acid sequence determined. A degenerate nucleic acid sequence can be
derived from the amino acid sequence and used to design an oligonucleotide
probe corresponding to this section of the gene. The oligonucleotide probe is
used to screen a ¢DNA library for the presence of that particular sequence.




Figure 1.1 Diagram of the development of a membrane protein from
the gene encoding it

The DNA located on a chromosome is termed genomic DNA. The DNA sequences
encoding proteins are contained in exons and these are separated by non-
coding introns. A leader sequence precedes the first exon. The entire sequence
from leader sequence to the polyadenylation site are transcribed into pre-
messenger RNA (pre-mRNA). A promoter region immediately upstream from
the leader sequence, controlled by regulatory sequences located on either side
of the structural gene, is required for the binding of polymerase enzymes
which catalysc transcription. Introns are removed during the splicing of pre-
mRNA into mature mRNA. This is then exported to the cytoplasm wherc the
sequence is translated into protein. Translation begins at a specific start codon
and ends at a stop codon. The leader sequence is translated but is later removed
prior (o the insertion of the protein into the cell membrane.
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A cDNA library is constructed by isolating mRNA from a particlar source or cell
type. The mRNA is then reverse transcribed using reverse transcriptase (a
retroviral enzyme which is capable of reversing the normal progression of
DNA to mRNA) and an oligo dT primer complementary to the polyadenylated 3’
tail present on almost all eukaryolic mRNAs (section 2.5). This gives rise to
RNA-DNA hybrids containing DNA which is complementary to the mRNA uvsed
as the target. This is rcprescntative of the entire polyadenylated RNA
population. As the mRNA does not contain any introns, these clONAs also lack
intron sequences, The resulting ¢DNA is then cloned into vectors and used to
transform bacterial cells for storage. This is referred to as a cDNA library.
Human libraries can be produced in house (Sambrook et al, 1989) or purchased
commercially. If the human cDNA library is from a commercial source, then it
is unlikely that the complete red cell phenotype of the donors cells will be
known. This is likely to produce problems at a later stage in the investigation as
the reference sequence obtained would be of unknown phenotype and would
complicate the comparison ol polvmorphic sequences. The library is screened
with the oligonucleotide probe which will only hybridize to the clones
containing the complementary cDNA sequence. Hybridization is detected by
autoradiography if the probe was radiolabelled. Alternatlively, the positive
clones can be identified by the incorporation of a fluorescent or coloured tag
into the probe. The paositive clones are then visualised. The probe should only
hybridize to the complemeniary sequences in the library and this leads to the
isolation of a specific gene. The DNA for the gene under investigation is then
sequenced (section 1.2.4).

1.2.2 The polymerase chain reaction

Once the DNA sequence for any particular gene has been determined {section
1.2.4), two synthetic complementary oligonucleotide primers can be
synthesised. These primers are short, specific strings of nucleotides (17 to 35
nucleotides in length) which are completely homologous to the ¢cDNA scquence.
One of the primers is specific for the 3' end of the region which is to be
amplified and the other is specific for the sequence of the 5' end. The
oligonucleotide primers anncal to opposite strands of the DNA. These can be
used to amplify the sequence by the use of a technigue known as the
polymecrasc chain reaction (PCR) {(Saiki et al., 1985) (section 2.7). With the

knowledge of the gene sequence and having synthesised appropriate
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oligonucleotide primers, it is feasible to produce and investigate cDNA variants
from chosen individuals. To do this, RNA is isolated from a cell sample and this is
used as the target material for reverse transcription PCR (RT-PCR). This is a
technique whereby total RNA is purified from the sample and a DNA copy is
made using a reverse transcriptase enzyme (Varmus, 1987) (section 2.5). This
forms a double stranded RNA/cDNA duplex molecule which is heat denatured (o
release single stranded c¢DNA. The resulting single stranded ¢DNA can then be
amplified by PCR (Saiki ct al, 1985). Iin PCR DNA is amplified exponentially by
successive rounds of denaturation, primer annealing and primer extension in
the presence of a thermostable DNA polymerase enzyme. The cDNA, in this case,
would be added to a mixture of free dNTPs, buffer containing magnesium ions, a
heat stable DNA polymerase and the two specifically designed oligonucleotide
primers. The reaction mixture is heated (o approximately 94°C to separate the
cDNA strand from the original mRNA template. It is then cooled to 50-65°C to
allow the primers to anneal to the ¢cDNA target. The next step is heating to 720C
(the optimum temperature for Tag DNA polymerase) to allow the extension of
the primer to form a complementary strand. This completles the first round of
the PCR and results in the production of a double stranded product which acts as
the target in the next round. Since the products of cach cycle act as the target
for the next round, it then follows that each cycle represents a doubling in the
number of product molecules. Therefore, 20 rounds of PCR represents an
increase in the number of specific sequences by 106 (220) assuming 100%
efficiency (Erlich, 1989). This method can be adapted to give the co-
amplification of more than one product by the incorporation of more than two
PCR primers.

1.2.3 Cloning of PCR products for use as probes in in situ
hybridization

Subsequent to amplification by PCR, the ¢DNA is cloned in a vector such as a
bacterial plasmid (Sambrook et al, 1989). The vector is circular DNA and must be
cut to form a gap at which a ¢DNA fragment can be inserted. This is
accomplished by the use of one or inore restriction enzymes, which recognize
short, specific sequences on the vector and will cut the DNA only at these points
{section 2.12-2.14). 'T'he amplified ¢cDNA is then cut with the same restriction
enzymes before it is added into the plasmid. The plasmid and amplified [ragment
are joined together by the use of a DNA ligase enzyvme. This joins the
complementary ends of the cut plasmid and the insert to re-form a circular
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recombinant DNA containing the insert. The recombinant plasmid clone is then
used to transform a strain of E coli cells. The recombinant replicates and is
reproduced as the bacterial cells grow. The transformants can be stored long
term in glycerol at low temperature (-70°C). The cloned fragment can be
isolated from the bacterial cells when required by carrying out a plasmid
preparation (Sambrook et al, 1989) (section 2.19). The isolated plasmid clone
may be used to probe normal human chromosome spreads in order to identify
the chromosomal location of the corresponding gene (section 2.21). This can be
achieved by using methods such as nick translation wherc the probe is labelled
with cither a radioisotopc or with biotin (Rigby ct al, 1977). In this process, an
enzyvme is used to introduce a single stranded nick in the double stranded
plasmid DNA. Labelled dNTPs are then introduced into the reaction with a
polymerase enzyme which incorporates labelled nucleotides in order to repair
the nick. 'hus, the probe becomes labelled. This probe can then be used for in
situ hybridization where it binds specifically to normal male chromosome
spreads (Cox et al, 1984). Male chromosome spreads are used as both X and Y
chromosomes are present. This is an assay where a probe is labelled with biotin
and Dbiotin/FITC avidin is added as a mcans of visualising the results. The
detection process is dependent on the presence of a fluorescent dot on the
chromosome at the point of hybridization of the probe. Under optimised
conditions, the probe will only hybridize to the specific area on the
chromosome where the exact complementary sequence is present. Bearing in
mind that sequences tends to be highly individual for each gene, it follows that
the precise location of the gene on a particular chromosome can be defined.
Using this technique and others such as linkage analysis, the chromosomal
locations of several of the known blood group genes have been identified to
date (scctions 1.4 to 1.7).

1.2.4 Sanger didcoxy scquencing

Nucleotide sequences of cloned PCR amplified fragments can be determined.
Comparison of several sequences from samples derived from different, known
phenotype individuals may allow the identification of the nucleotide
differences which account for the expression of particular antigens within a
blood group system. Cloned cDNA can be isolated from the E coli cells, into
which the plasmid clone has been transformed (section 1.2.3), in single
stranded form by the use of an M13 helper phage. This allows preferential
secretion of single stranded vector DNA over the phage single stranded DNA
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when the plasmid incorporates the appropriate phage regions which allow its
recognition by the M13. This helper phage is M13 mutated in its own replicative
recognilion sequence and, as a result, it is unable to reproduce itself efficiently.
The strand which is recovered is dependent on which of the two plasmid strands
the M13 recognition region is placed (Sambrook et al, 1989). The single
stranded DNA can then be sequenced using the Sanger dideoxy method (Sanger
et al, 1977) (section 2.20). Dideoxy sequencing involves annealing of a
scquencing primer to the DNA template and extension of the primer by a DNA
polymerase. Synthesis is initiated at the 3' end of the oligonucleotide primer.
The synthesis reaction is lerminated by the incorporation of a nucleotide
analogue that will not support continued DNA elongation. ‘The chain
terminating nucleotide analogues are dideoxynucleoside triphosphates (ddNTPs)
which lack the 3-OH group necessary for chain elongation. When mixtures of
dNTPs and onc of the four ddNTPs are used, enzyme catalysed polymerisation
will be terminated in a fraction of the population of growing chains at each site
where the ddNTP is incorpurated. Four separate rcactions, each with a different
ddNTP, give complete sequence information. A radivactively labelled dNTP is
also included in the synthesis reaction. The labelled chains of various length
are visuwalised by autoradiography after separation by high resolution
polyacrylamide gel electrophoresis. Several alterations have been made 1o the
scquencing technique to allow it more flexibility. For example, @ protacol has
been developed to allow the direct sequencing of PCR products without the
necessity for cloning (Erlich, 1991). In this situation, one of the PCR primers is
added in great excess to the second primer and, as a result, single stranded DNA
is amplilied in a non-logarithmic fashion. This single stranded DNA can be used
directly for sequencing using the dideoxy method. This is a uscful alternative
technique for two reasons. Firstly, it eliminates the necessity for cloning each
PCR fragment before seguencing and secondly, it allows sequencing of a
population of PCR products. Therefore, 7ag DNA polymerase misincorporations
can be distinguished from true sequence differences. This is an important point
as Tag DNA polymerase misincorporations occur at a rate of 1 in 400 nucleotides
during PCR (Saiki et al, 1988, Paabo et al, 1988, Dunning et al, 1988). A
misincorporation is where the Tag DNA polymerase inserts the "wrong"
nucleotide at points along the DNA, since it does not have a 3' > 5' proof reading
facility, unlike certain other polymerases such as Klenow fragment and T4 DNA
polymerase. Determination of the sequence ol a cloned PCR product is liable to
give crrors, as each clone represents a single original PCR product which may
have an incorrect nucleotide at 1/400 positions. Dircct sequencing of a mixture
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of PCR products negates the possibility of reading an incorrect sequence, since
misincorporations are random and likely to be present in the same position in
only a small propordon of the total PCR amplified molecules.

A second useful modification to traditional dideoxy sequencing is the use of
automated sequencing (sections 2.20.6 and 6). In this method, cach of the four
ddNTPs has a different dye label. All four reactions are carried out in the one
tube and the gel is scanned using a lascr. The dye labels can be identilied by the
laser and the sequence is automatically read. This technique eliminates the
necessity for the use of radioisotopes and, under suitable conditions, allows a
greater length ol sequence to be determined., However, it is expensive and
requires high quality DNA to obtain good sequence.

1.2.5 Restriction fragment length polymorphism analysis

Another method for the identification of genetic differences between
individuals is a technique known as restriction fragment length polymorphism
{RFLP) analysis (Botstein et al, 1980). This initially involved the analysis of
total genomic DNA, but has been adapted for use with PCR products. The most
common application of this technique involves the amplification of small
stretches of genomic DNA by the polymerase chain reaction. The resulting
products are then cut into smaller fragments by digestion with a restriction
enzyme specific for the sequence of interest. This may be one which cuts in a
region encoding a single red cell antigen. The digested material gives a series
of smaller fragments which can be identified by gel electrophoresis. ‘I'he
resulting pattern of restriction fragments may be diagnostic for a particular
phenotype e.g. that of a red cell antigen of interest. Therefore, the blood donor
genotype may be determined by analysis of the banding pattern obtaincd by
RFLP analysis (section 7). This technique can also be carried out directly on
genomic DNA, but the use of PCR products gives clearer results, particularly
when using RI\LP analysis as a diagnostic test in a clinical situation, The use of
this method has been described for the investigation of several blood group
systems (Zelinski et al, 1991 ¢).

1.2.6 Southern blotting using total genomic DNA

This method allows the comparison of genes from normal and null or variant
phenotlypes. 1t gives comparative information regarding similarities and

-
s
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differences between genomic DNA derived from such samples. Southern
blotting can be used to determine the presence and the molecular size of
fragments of a specific gene, and also allows genetic characterisation
(Southern, 1975). This method involves the digestion of total genomic DNA with
various restriction cnzymes., The digested DNA is then resolved by gel
electrophoresis and blotted onto a nylon or nitrocellulose membrane. A DNA
probe or a PCR product containing part or all of the gene from a known
phenotype is then radiolabelled and used to hybridize to the blot. The blot is
washed and exposed to X-ray film, giving rise 1o a series of bands on the film. If
major differences in banding pattern are present, this may provide an
indication that there are differences in the sequences of the two genes. They
may be as little as one or two nucleotides which alter a restriction enzyme site,
or could indicate major diffcrences in long stretches of the sequence, i only a
small number of nucleotides differ between the probe and target sequences,
and these do not alter the restriction enzyme sites, then detection by Southern
blotting becomes more difficult. Further investigation must then be carried out
and sequencing of the cDNA is essential in order to identify these variations.

1.3 Introduction to molecular biological research on blood
group systems

History of research into blood groups spans approximately 90 vears and consists
mainly of the results of serological techniques, such as haemagglutination,
which were usced to define bloed group antigens by their complementary
antibodies. Family studies were also used to learn about the inheritance of such
antigens. Red cell antigens arc structures exposed on the red cell surface
which, under certain circumstances, can provoke the production of a specific
circulating antibody in an individual's bloodstream. 191 of these structures are
known to comprise 23 rccognised blood group systems (Anstee, 1995).

Several blood group systems are currently under investigation using molecular
biclogy techniques. The results from these investigations have revealed
importani information about the ABO, Rhesus, Kell, Kidd, Duffy and MNSs blood
group systems. These findings include information regarding gene sequence
and the resulting protein structure, the chromosomal location of the gene and
the genetic basis for the presence or absence of particular antigens on the red
cell surface. The red cell phenotype can be predicted by use of PCR and
associated techniques and this should prove a useful tool to ensure provision of

Bl
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compatible blood in cases where a rare phenotype donor has multiple clinically
significant antibodies present in the circulation., This approach would be
slower than traditional serological methods, but it would be useful where

reagents are difficult to obtain.

Prior to a detailed discussion on the Kell blood group system, a brief review of
important aspects of ABO, Rh, MNSs and some minor blocod group systems is
presented.

1.4 The ABO blood group system

The ABO blood group system, discovered by Landsteiner in 1900, was the first
alloantigen system recognized on erythrocytes and is the most important
system in transfusion medicine (Landsteiner, 1900). Between 1950 and 1970 the
antigens were characterised chemically and were shown to be oligosaccharide
in nature (Figure 1.2) (reviewed in Watkins, 1980). When the biochemical
pathways for the formation of these antigens were defined it became clear that
A and B antigens are derived from a precursor, H substance, produced by the
attachment of a common L-fucose residue to a carbohydrate chain with N-
acetylgalactosamine for the A antigen and galactose for the B antigen. In both
antigens, an a-1-2-fucosyltransferase adds a fucose residue to the g-galactose of
a preformed glycoprotein chain (Clausen et al.,, 1989). Individuals who are of
group A express ol->3 N-acetylgalactosaminyltransferase and group B
individuals express al->3 galactosyltransferase. Individuals who group as AB
express both transferases and group O individuals cxpress neither (i.e. the H
substance remains unchanged). A and B transferases have overlapping

substrate specificities.

Some of the original molecular biology work on the ABO blood group system was
carried out by Yamamoto et al. (Yamamoto ¢t al, 1990a). This work was the first
evidence of the molecular basis for the ABO phenotypes. The isolation of a
soluble form of the A transferase from human lung and intestinal mucosa was
reported (Clausen et al, 1990, Yamamoto ct al., 1990 b). A partial amino acid
sequence was determined and this lacilitated the design of oligonucleotide
primers which were used for RT-PCR. The resulting ¢DNA, which encodes the A
transferase, was cloned and sequenced (Yamamoto et alk, 1990 a). The gene was
cloned from cDNA libraries from individuals of known phenotype and
nucleotide substitutions which determine the dilferences between A, B and O




Figure 1.2 Biochemical relationship between A, B and H antigens

Diagram illustrating the addition of sugar molecules to a precursor
glycoprotein (H substance) to allow the expression of A or B blood group
antigens. The group A glycosyltransferase gene product catalyses the addition
of N-acetylgalactosamine and the B genc product catalyses the addition of
galactosc to position 3 of the g-1-galactose molecule on the Il substance.
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phenotypes were identified (Yamamoto et al, 1990 a). The difference hetween
the A and B phenotype can be accounted for by several nucleotide differences
which give rise to four consistent amino acid substitutions at residues 176, 235,
2606 and 268. The H gene has also been isolated (Ernst et al.,, 1989).

Southern blot analysis of genomic DNA (section 1.2.6) allowed the identilication
of a single nucleotide deletion in the coding region at amino acid residue 258
which gives rise to a shilt in reading frame. This deletion accounts for the
expression of the O phenotyvpe and is likely to lead to translation of an
enzymatically inactive protein (Yamamoto et al, 1990a).

Three of the four nucleotide substitutions and the deletion al amino acid residue
258 generated allele specific restriction enzyme sites (Yamamoto et al, 1990 a).
These sites were used as a diagnostic test for ABO genotype determination using
the RFLP technique (section 1.2.5) as particular enzymes are diagnostic for only
one individual genotype. These enzymes will only cut the PCR products where
the specific enzyme site exists and this is directly dependent on the donor
genotype,

The existence of subgroups within the ABO system raises the question of the
basis for these differences in light of the results which arise from the
genotyping experiments. [t has been suggested that the A1 and A2 subgroups,
identified by the use of either antibodies or lectins (Race et al,, 1975), arise as a
result of the expression of al->3 N-acetylgalactosaminyltransferases with
different kinetic properties (Yamamoto et al, 1990 b). This would result in
quantitative differences in the A carbohydrate antigens (Engelmann et al,
1993). More recently, the nucleotide sequences which account for the AZ allele
(Yamamoto et al., 1992) and some of the A3 and B3 alleles (Yamamoto et al., 1993
a) have been determined. Characterisation of one AX and one B(A? allele have
been described by analysis of their genomic DNA using PCR, stibcloning and
DNA sequencing (Yamamoto et al, 1993 a). Ax individuals do not secrete A
substance in their saliva and they exhibit very low levels of «l-»3 N-
acctylgalactosaminyltransferase activity. In group B(A) individuals, the B
transterasc has the ability to transfer some GalNAc as well as galactose to the 11
substance and, as a result, some A antigen also appears on the cell surface.

The report of Yamamoto et al. outlines the nucleotide differences which account
for the expression of these particular phenolypes (Yamamoto et al, 1993 a). The
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Ax phenotype appears to arise as a result of a single nucleotide change in the
Al nucleotide sequence at position 646 (T->A). ‘the B(A) phenotype can be
accounted for by two changes in the B nucleotide sequence at positions 657 and
703 (T->C and A->G respectively). The A7g3->G mutation results in a

serine <> glycine substitution at amino acid residue 235 and this coincides with
the second of four amino acid substitutions which discriminate A and B
transferases. The glycine residue in the B(A) individual is identical to the
residue present at that position in group A individuals. Other forms of the O
allele have also been reported (Yamamoto et al, 1993 b)

An allele specific PCR (ASPCR) method has been described which can be used
directly for the ABO genotyping of individuals (Ugozzoli et al, 1992). The PCR
oligonucleotide primer design is crucial for the success of this technique. Four
sets of oligonucleotide primers, each of which is specific for a different set of
ABC alleles, are incorporated into a single PCR reaction and the resulting
products are analysed by gel electrophoresis. This allows PCR to be carried out
in an allele specific manner and has been reported to be 100% reliable (Wu et
al, 1989). The ASPCR technique is dependent on the PCR primers being an exact
malch to the target sequence at their 3' end. A single nucleotide mismatch at
that point will prevent extension of the primers and, as a result, will prevent
the amplification of PCR products. It is essential that each primer pair used is
designed to generate a product that differs sufficiently in size [rom the other
products simultaneously generated, such that all can be separated clearly by gel
electrophoresis. The advantage of using this technique is that allelic genotypes

can be determined in a single reaction.

The application of modern molecular biology tcchniques has led to major
advances in the comprehension and diagnosis of genetic variation in the ABO
blood group system. The ABO system is an excellent example of the progress
feasible with these methods for understanding the molecular genctic hasis of
other blood group systems.

1.5 The Rhesus blood group system

More molecular biology studies have been performed on the Rhesus blood
group system than on any other. This is not surprising, as the Rhesus system is
one of the most complex blood group systems known. Il comprises at least 47
distinct antigens {Anstee et zl, 1994), and the antigens C, ¢ E, e and D are
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polymorphic. The Rhesus D antigen was discovered more than 50 years ago
(Levine et al, 1939). This system is extremely important in transfusion
medicine, as the associated antibodies can be responsible for severe cases of
haemolytic disease of the newborn and can cause fatal transfusion reactions.

1.5.1 Genetic analysis of Rhcsus gences

Genetic analyses have demonstirated that the D, C/c and E/e antigens arc
inherited as a single cntity, but it was initially unclear whether these antigens
were the product of a single locus, or were encoded by genes at several sub-loci.
The Rh locus has been assigned to the short arm of chromosome 1 {McGuire et
al, 1988). A more precise location of 1p34.3-1p36.1 was determined by the use of
in situ hybridization with metaphase chromosomes (Cherif-Zahar et al, 1991),
In 1990, Avent et al reported the cloning of the ¢DNA encoding a 30 kDa
ervthrocyle membrane protein associated with Rhesus blood group antigen
expression (Avent et al, 1990},

1.5.2 Rhesus polypeptides

The structure and seyuence of the protein carrying Rhesus antigens was poorly
understood before the ¢DNA encoding the 30 kDa Rhesus polypeptide was
cloned. It had been suggested that the Rhesus polypeptide might be involved in
maintaining the asymmetric distribution of phospholipids in the erythrocyte
membrane. Immunoprecipitation studies had identified this unglycosylated 30
kDa membrane polypeptide as a Rhesus antigen carrying protein {(Moore et al,
1982, Gahmberg, 1982 and 1983). The Rhesus antigens are known 10 be
sulphydryl containing polypeptides (Green, 1967 and 1983). Anti-c and anti-F
antibodies have been used to immunoprccipitate related proteins (Moore et al,
1982). Polypeptides which carry the Rhesus D and C/c, E/e antigens were used to
establish a partial amino acid sequence by a protein sequencing technique
{Bloy et al, 1988). cDNA library mcthods were then used, as described in section
1.2.1, to isolate clones containing Rhesus related sequences. When Rhesus
polvpeptides were precipitated individually, using anti-c, anli-D or anti-E it was
found that, although the polypeptides are highly reclated, each is a distinct
protein (Blanchard et al, 1988).
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1.5.3 Molecular biological analysis of the Rhesus blood group
system

The molecular cloning of the human Rhesus gene (leading to the derivation of
the protein sequence of the human Rhesus polypeptide) was repaorted in 1990
(Cherif-Zahar et al.,, 1990). Again, the cloning work involved the screening ol
¢DNA libraries, using PCR products derived {rom the 5'-terminal end of the
Rhesus gene as probes 1o identify the Rhesus cDNA in the library. This encodes
a conserved region in the Rhesus proteins. These workers reported the size of
the entire Riresus structural gene as being 1384 nucleotides. Translation of the
open reading frame indicated that the Rhesus protein is composed of 416 amino
acids, with a predicted molecular mass of the protein as 45.5 kDa. SDS PAGE
analysis of the protein predicts only 30 kDa to 32 kDa. These results suggest that
either the Rhesus protein behaves in a peculiar manner on SDS PAGE, or that
the mRNA encodes a precursor substance which is subsequently cleaved at the
C-terminal end (the extracellular portion of the protein).

Three separate Rhesus polypeptides can be expressed on any one cell. One
carries the D antigen and the other two carry the C/c¢ and E/¢ antigens
(Umenishi et al., 1994). The sequence of these three polypeptides is identical up
to the 41st amino acid residue, after which they start to diverge. The Rhesus C, [
and E polypeptides are closely related but distinct proteins and it is likely that
two separate, but closely linked, loci cxist which encode the C/¢, F/e and D
antigens {(Le Van Kim et al, 1992 a). RFLP analysis of the genomic DNA from Rh
D positive and Rh D negative individuals indicated that Rh D) positive individuals
have two Rh polypeptide genes whereas the Rh D negative individuals have
only one gene (Mouro et al,, 1993, Umenishi et al, 1994 b). Thesc results suggest
that the Rhesus D negative phenotype may arise as a result of a RhD gene
deletion, as had becn indicated by previous work (Colln et al, 1991). This
reinforces the idea that two separate loci exist within the Rhesus sysiem. One
and two dimensional peptide maps of the Rhesus polypeptides show that they
are structurally distinct (Bloy et al, 1988, Suyama et al,, 1988, Blanchard et al.,
1988). Southern blot analyses have shown that the RA locus carried in the
genome of RhID positive individuals is composed of two strongly rclated genes,
whereas similar investigation of RhD negatve individuals reveals the presence
of only one of these genes (Colin et al, 1991). These results support the peptide
mapping and RFLP analysis results and agree with the hypothesis that Rhesus D
antigen is coded for by one gene and Rhesus C/c and [/e antigens are coded for
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by a second gene (Bloy et al, 1988, Suyama et al, 1988, Blanchard et al, 1988).
Alternative splicing then gives rise to the synthesis of the polypeptides already
described. The report of Umenishi et al. shows the presence ol bands on
Southern blots of genomic DNA digested with various restriction enzymes and
probed with fragments specific for the 3’ and §' ends of the Rh sequence
{Umenishi et al, 1994 a). Their experiments demonstrated the presence of a
fragment for the Rh ¢ phenotype, irrespective of the RhD status, a new
development in the investigation of the C/c sequences. Further evidence was

published simultaneously which showed sequence differences in the genes
encoding the C and the ¢ antigens (Hyland et al, 1994 a). These authors also
reported that the gene sequences in individuals who are ¢+, E+ are different in :
RhD positive and RhD negative samples.

The gene encoding a 50 kDa membrane glycoprotein which is associated with

Rhesus blood group antigen expression has been isolated and cloned (Ridgwell
ct al.,, 1992). This protein coprecipitates with the 30 kDa unglycosylated Rhesus
protein on immunprecipitation with anti-Rh antibodies. The gene was mapped
to 6p2l-gter, a completely different chromosomal location to that determyined
for the gene encoding the 30 kDa protein. This position has been defined as the
Rh50 glycoprotein locus. That is, this locus encodes a polypeptide ol predicted
molecular mass 50 kDa. This polypeptide has been shown to be present on Rh
null U+ cells (where U is an antigen of the MNSs blood group system, unrelated
to Rhesus) and, therefore, does not account for the polymorphic variation of
the Rhesus system, although it is a related polypeptide. These results indicate
that two separate genes encode the 30 kDa and 50 kDa Rhesus related
polypeptides. This 50 kDa protein is glycosylated, unlike the 30 kDa polypeptide
{Moore ct al, 1982). It is not yet clear whether the expression of Rh antigens
requires the association of the 50 and 30 kDa polypeptides or whether the 30 kDa
polypeptide can give rise to antigen expression independently.

The isolation of three Rh related cDNAs from a human bone marrow library
has been reported {Le Van Kim et al.,, 1992 a). The authors propose the existence
of Rhesus protein isoforms which differ from those whose genes had been
cloned previcusly. The differences include peptide deletions and the generation
of a new C-terminal polypeptide caused by [rameshift mutations. All of the
isoforms which had been described until this point arose from differential
splicing of transcripts from the same Rh gene, The results reported by this
group support the idea that two genes reside at the Rhesus locus and that these
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direct the synthesis of three protein species which may relate to different

Rhesus antigenic variants (Figure 1.3).
1.5.4 Rhesus null phenotypes

RFLP analysis suggests that the two samples of amorph type Rhesus null blood
(where the phenotype ariscs as result of both parents being either homozygous
or heterozygous for the Rhesus null condition) arosc as a result of two
independent mutations (Carritt et al, 1993). This would account for thc
extremely low incidence of this phenotype, as these mutations would have to
occur on both alleles for the phenotype to manifest itself. This suggests that the
Rh null phenotype does not arise as a result of a gross gene deletion and also
shows that this phenotype can have different Rhesus genctic backgrounds. The
second, and more common, type of Rh null phenotype, is the "regulator” type,
which arises as a result of the presence of a double dose of a repressor gene
(XOr) at an autosomal locus unlinked 1o the Rhlocus, A recent report which has
investigated the genes of both Rh null types suggests that Rh null regulator
types are unable to express Rh antigens, but can pass on functional Rk genes to
the next generation (Cherif-Zahar et al, 1993). The Rh null regulator
phenotype can apparently arise in DD, Dd or dd individuals and the repression
of antigen expression is therefore independent of the RhDD genotype. This was
confirmed by Southern blot analysis, which showed identical banding pattern
beiween normal and Rh null regulator individuals (Cartron et al, 1993).

Similarly, results suggest that, in the Rh null amorph types investigated, the
phenotype did not arise as a result of a major deletion of the Rh locus. Cloning
and sequencing of in vitro amplified products also showed that the amorph Rh
null does not arise through gene rearrangement or point mutation. One
explanation may be that a transcriptional inhibitor blocks the expression of the
Rh polypeptides.

1.5.5 Expression of Rhesus polypeptides in vitro and in vivo

Suyama et al, described the in vitro expression of the 32 kDa Rhesus
polypeptide (Suyama et al, 1993). This was achieved by inserting previously
cloned Rh cDNA into a pGEM vector. This was transcribed/translated in a
reticulocyte lysate system and resulted in the production of proteins of 30 kDa
(minor) and 32 kDa (major} as determined by SDS PAGIL, Expression was also




Figure 1.3 The arrangement of the Rhesus genes

Schematic diagram of the structure of the Rh locus. Two Rh genes (one which
encodes the D protein and the second which encodes the CcEe proteins) are
present in Rhesus positive individuals. Only one gene, encoding the CcEe
proteins, is present in Rhesus negative individuals.
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achieved successfully in a Chinese hamster ovary cell system.

Immunoprecipitation experiments using anti-Rh specific rabbit antibodies also
confirmed the Rhesus specificity of these polypeptides.

Northern blot analysis, which can be used to detect the expression ol Rhesus
genes in specific tissues, has shown that expression is likely to be restricted to :
cells of erythroid lineage (Cherif-Zahar et al, 1990). This may be a useful tool Y
for the investigation of the biosynthesis of the Rhesus antigens during the 1
development of the red cells.

1.5.6 Rhesus genotyping

Genotlyping, with respect to the Rhesus blood group system, has important
implications in the lield of transfusion science. The determination of the foetud
genotype is critical in cases where HDN muy arise. Therefore, the development
of a PCR-based genotyping test which can utilize small cell numbers, such as

chorionic-villus samples or amniotic fluid samples, is a major step forward. This

type of assay was described in 1993 {(Bennet et al, 1993). The Bennet method was
used to determine the foetal genotype and, as a result, positive decisions could
be made regarding the possibility of further immunisation in previously
sensitised mothers. Clinical decisions regarding induction of birth could also be
taken based on the results obtained. As described above, the Rh blood group
antigens are carried by at least three homologous, but distinct, membrane

proteins. Two of the proteins have serologically distinguishable isoforms, that
is C, ¢ and E, e. The third protein, which carrics the D antigen mosaic, has no
defined isolorm. The Rhesus gene locus resides on chromosome 1 at position
1p34-p36 and this consists of two adjacent homologous struciural genes
designated RhCcle and RhD (Colin et al, 1991). The scquences of the coding
regions of these two genes are 96% identical, suggesling that these may have
arisen through the duplication of a single ancestral gene. The RhCcEe gene
encodes the C/c and E/e proteins and the isoforms are most likely to arise as a

result of alternative splicing of a primary transcript. E and e alleles vary by

only one nucleotide, whercas the ¢ and ¢ alleles vary by as many as six
nucleotides which result in four amino acid substitutions (Mourc et al, 1993,
Simsek et al, 1994 a). The RhD gene encodes the D protein and is absent on both
chromosomes of RhD negative individuals. PCR assays have been described
which co-amplify a 136 base pair fragment common to both the RhCcEe and the

RhD genes, and a 186 base pair [ragment which is specific for the 3°
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untranslated region of the REI? gene (Bennet et al, 1993). Gel analysis of the
PCR products would therefore reveal the presence or absence of the RED gene
depending on the presence of double or single bands on the gel. The report
suggests this assay is extremely fast, reliable and reproducible. Contamination
of the sample by the RhD) negative mother's cells would not pose a problem in
this type of test, as only the foetal cells could give rise to a PCR product specific
for the RhAD gene. However, contamination of the sample by the individual
undertaking the procedure must be avoided at all cost, as this could give rise to a
false positive result due to the sensitivity of the PCR technique. Appropriate
controls must be included to ensure that false negative results are not obtained
as a result of failure of the PCR itself. One report has been published which
details problems in the application of the Bennet PCR method for RA
genotyping (Simsek et al, 1994 b). Other groups published work simultaneously
which detail similar PCR based diagnostic tests for Rhesus genotype
determination (Waolter ct al, 1993, Lo et al., 1994, Simsek et al., 1995).

1.5.7 QOrganisation ol Rhesus genes

A report published in 1993 describes the amplification of Rhesus ¢cDNAs from
cultured progenitor erythroid cells by PCR (Kajii et al, 1993 b). These PCR
products were then sequenced directly. Two Rhesus polypeptide ¢cDNAs were
isolated and the sequences of these were determined. One differs from the
published sequence by a single nucleotide substitution, whereas the second
contains 41 nucleotide substitutions resulting in 31 amino acid changes. This
illustrates the degree of polymorphism which exists within the Rhesus blood
group system.

The structural organization of the CcEe gene has recently been established.
This consists of 10 exons spread over 75 kb ol DNA. It is likely that the
transcripts of the CcEe gene are processed by alternative splicing of exons 4-8
to produce the isoforms already described (Cherif-Zahar et al, 1994 a).

Clearly, a great deal of information has come to light as a result of the
molecular biological investigation of the Rhesus blood group system. Some of
these findings have enabled the development of diagnostic assays for Rhesus
genotyping which are superior to the traditional serological techniques
available. The methods already described in this section have major clinical
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implications, particularly in ante-natal work, and should prove valuable tools
for the improvement of patient care.

1.6 'The MNSs blood group system

The antigens of the MNSs blood group system were among the first to be
recognized after the ABO antigens were discovered (Landsteiner et al, 1927).
They are carried on red cell membrane glvcophorins A and B (o and g).
Glycophorins A and B are sialoglycoproteins carrying the MN and the Ss
antigens respectively (Figurc 1.4). The primary sequences for these proteins
have been determined (Tomita et al, 1978, Blanchard et al., 1987 b). The
cxpression of M or N antigen is determined by the amino acid residues at codons
1 and S (serine and glycine for M and leucine and glutamic acid [or N).
Glycophorin B also carries N antigen as it has leucine and glutamic acid
residues at positions 1 and 5. The expression ol § and s anligens on glycophorin
B is determinced by the presence of methionine or threonine, respectively, at
amino acid position 29. Glycophorin A is a transmembrane protein of 131 amino
acids and the predicted molecular mass is 36 kDa. This was the first membrane
protein for which the amino acid sequence was determined. Glycophorin B is
likely to have arisen by gene duplication {rom a parent gene for Glycophorin A
as the amino acid sequences show a high degree of homology. This protein is 72
aminoe acids in length and has a predicted molecular mass of 20 kDa. The
nucleotide sequences of isolated ¢DNA clones for each of the two proteins have
confirmed the primary sequences previously obtained (Siebert et al, 1986 b,
Siebert et al, 1987, Rahuel et al, 1988, late et al., 1988). The chromosomal
location of the gene encoding Glycophorin A was determined by in situ
hybridization (Rahuel et al, 1988). This was found 10 be located on chromosome
4q28-q31. The isolation of cDNA clones for both of these glycophorins has heen
reported (Tate et al, 1988). The resulting nucleotide sequenccs have been
determined and the results revealed that both proteins have virtually identical
N-terminal sequences. cDNA clones encoding these two glycophorins exhibit
strong sequence homology, giving evidence that the two proteins are coded for
by separate but evolutionarily related genes (Siebert et al, 1986 a). Both
glycophorins are heavily glycosylated and this would explain the high
apparent molecular weight of these small proteins.




Figure 1.4 The arrangement of the MNSs gene

Diagrammatic representation of thc genes encoding glycophorins A and B.
Exons labelled A refer to glycophorin A and those labelled B refer to
glycophorin B, Exons which encode red cell antigens have the antigen name
above the corresponding exon. Exons encoding extracellular sequence are
unshaded, exons encoding transmembrane sequence are dark shaded and exons
encoding intracellular sequence are lightly shaded.
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Work has been published which demonstrates that red cells of the phenotype S-
s-U- (which lack Glycophorin B) result from a structural deletion of part of the

gene encoding Glycophorin B (Huang et al., 1987).

Miltenberger antigens are variant hybrid phenotypes within the MNSs blood
group system, the antigens of which are carried on glycophorins A and B.
Seven classes of Miltenberger antigens have been described (Dahr, 1992).
Miltenberger antigen classces T, TV and VI result [rom the production of a
peculiar glycophorin B protein. The primary structure of this protein has been
reported to show similarity to that of glycophorin A (King et al, 1989).
However, more detailed primary structure analysis is required to allow full
comparison betwcen the two proteins.

The use of DNA sequence analysis and of ¢cDNA probes for the investigation of
the genes encoding Glycophorin A and B has revealed some important
information regarding (he molecules which carry Stones antigenic
determinants. Stones is a rare antigen of the MNSs blood group system, the
presence of which can cause suppression or enhancement of M antigen but not
of N, S or s anligens. Slones antigen arises from a crossover of the two genes
encoding Glycophorins A and B, and the point of crossover has been defined
(Blanchard et al, 1987 4, Dahr et al, 1987, Blumenfield et al., 1987). Dantu is
another antigen within the MNSs blood group system which, like Stones, arises
as a result of a hybrid involving the gene encoding Glycophorin B (Huang et
al, 1988). The crossovers which give rise to the Stones and Dantu antigens are
most likely to arise from chromosomal misalignment between normal genes
encoding Glycophorins A and B at meiosis (Anstee et al., 1982).

1.7  Other blood group systems investigated using molecular
biology techniques

The Kidd blood group antigens arc carried on a 43 kDa protein. ¢cDNA fragments
have been isolated which encode these antigens and the ¢DNA length is known
to be 2.3 kilobases. (Allen et al, 1988). Little more is known about the genetic
basis of this blood group system to date. The Kidd blood group and urea transpost
function of red blood cells have recently been shown to be carried on the same
protein (Olives et al.,, 1995)
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The cDNA encoding the Duffy glycoprotein was isolated recently from a hone
marrow ¢DNA library, as already described in section 1.2.1 (Chaudhuri et al,
1993). The ¢cDNA isolated was 1267 nucleotides in length, with an open reading
frame encoding a protein of 338 amino acids and apparent molecular weight
35.7kDa.

Several other blood group systcms and individual antigens have been
investigated using molecular biological techniques, although not to the extent
of the blood group systems detailed above. These include Gerbich antigens
(carried on Glycophorins C and D) (Colin et al., 1986, Colin et al, 1989, High et
al, 1987) and Cromer blood group antigens which arc composed of a 25-26
kDu proiein encoded by a genetic locus at chromosome 1g3.2 (Lublin et al,
1987, Stafford ct al., 1988). Chido and Rogers antigens, which are complement
component related, have also been studied. These antigens are encoded by two
subloci located in the major histocompatibility complex class III region on the
short arm of chromosome 6 (Belt et al, 1984, Yu et &, 1986).

1.8 The Kell blood group system
1.8.1 Introduction to the Kell blood group system

The Kell blood group system is the third most clinically significant blood group
system with respect to transfusion. Molecular biological investigation of this
blood group system has revealed some interesting and useful information and
these findings will be covered in detail in the remainder of this section.

During the early use ol the antiglobulin test, which revolutionised transfusion
science, Coombs et al. discovered an IgG indirect agglutinating antibody which
defined the antigen Kell (K1) (Coombs et al, 1946). The antithetical antigen
Cellano (K2) was discovered three years later (Levine et al, 1949). The discovery
of the antithetical pairs Kp? (K3 or Penney) and Kpb (K4 or Rautenberg), and
Js (K6 or Sutter) and JsP (K7 or Matthews) marked the recognition of the Kell
blood group system as a complex polymorphism of red cell antigens {Allen et al,,
1957). The name of this system is derived from the individual who produced the
first recognised sample of the antibody, but numerical notation has now been
adopted 10 allow the designation of newly recognised antigen specificities 1o the
Kell blood group system.
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1.8.2 Kell system antigens

The Kell blood group system to date counsists of at least 21 antigens, K1 to K24
(K8, K9 and K15 now being obsclete) (Marsh et al, 1993). Ten of these antigens
are arranged in five antithetical sets with opposing high frequency and low
frequency antigens. These sets include K1 and K2; K3 and K4; K6 and K7; and
Kl1lland K17 (Marsh et al, 1990). The fifth set consists of a low frequency
antigen K24 which is thought te be the antithetical partner of the high
frequency antigen Ki4 (Ficher et al, 1985). Inheritance of these antigens is
autosomal and codominant. A series of high frequency antigens (K12, K13, K18,
K19 and K22) has been recognised to be present on all red cells, except K¢ cells
(section 1.8.5). Due to the high frequency of these antigens, family studies
which would demonstrate the control of their production by genes at the KEL
locus are particularly difficult to perform. These antigens have therefore been
labelled as Kell related or para-Kell and biochemical studies have shown them
to be markers on the Kell glycoprotein (Marsh et al., 1987).

1.8.3 Immunogenicity of Kell system antigens

The antigens of the Kell blood group system are particularly immunogenic. K1
is second only to Rhesus D in its immunising potential. Approximately 5% of
K:~1 people will form an antibody specific for the K1 antigen if transfused with
one unit of K:1 red cells (Marsh et al, 1993). Antibodies to Kell antigens have
been implicated in cases of HDN and can occasionally cause severe reactions if
incompatible blood is transfused. Anti-K1 antibodies are mainly red cell
stimulated immune antibodies which tend to be of the 1gG1 isotype -

{Marsh et al, 1990). Transfusion is far more likely to
stimulate anti-K1 production than is a foetomaternal bleed, but the
consequences of transfusing a K:-1 individual with K:1 red cells are not serious
enough to justify selection and transfusion of K:-1 red cells to such individuals.
On occasion, anti-K1 may be found in the serum of a person who has no history
of possible exposure to K:1 red cells. The reasons for the occurrence of such
antibodies will be discussed in section 1.8.15.
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1.8.4 Phenotypes and their recognition

In order to understand fully a blood group system, it is important to have a
knowledge of the antigenic complexity, the genetic background, the
biochemical nature of the antigenic determinants and the membrane structure
which carries them. The roles that the structures play in the organisation and
functon of the red cell membrane, and the molccular basis for normal and
variant phenotypes dare also important factors to consider.

As already discussed, there are a number of common Kell-associated antigens
which have been defined at the phenotypic level, butl not yet at the genolypic
level. These are relerred to as the para-Kell antigens and their phenotypic
association with the Keil blood group system has been determined in the
following ways:-

A

The antigens in question are abscnt from Kq cells. Kg is a null phenotype cell
which lacks all known Kell system antigens. However, it does express Kx
antigen. This will be discussed in section 1.8.5. The first indication that an
antibody defines a Kell system-associated antigen is usually that the antibody
reacts with all red cell samples with the exception of Ko phenotype cells and the
antibody maker’s own red cells.

B

This red cell phenotype will be discussed in more detail in section 1.8.6, but it is
sufficient to say at this point that Kell blood group system antigens are
expressed at low levels on MCLeod phenotype red cells. This phenotype is named
after the propositus.

¢

Red cells that lack very common Kell system associated antigens often have a
very weak expression of K4 (Kpb).

Table 1.1 gives a summary of the known Kell blood group system antigens.
From Table 1.1 it can be seen that, of the antithetical groupings already

described, one allele tends to have a greatly increased incidence over its
antithetical partner. It is clear that a number of loci exist which are cither
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Table 1.1 Notations and [requencies of Kell system antigens

NAME LITTER .~ NUMBER ANTIGEN FREQUENCY(%)

KELL K K1 9.0
CELLANO k K2 99.8
PENNEY Kpa K3 2.0
RAUTENBERG Kpb K4 >99.9

PELTZ Ku K5 >99.9

SUTTER Jsd K6 < 1.0 in whites,

19.5 in blacks

MATTHEWS Jsb K7 > 99.9 in whites,

99.9 in blacks

KARHULA Ula K10 2.6 in Finns,

< 0.1 in others

COTE K11 > 99.9

BOCKMAN K12 >99.9

SGRO K13 >99.9

SANTINI K14 > 99,9

k-like K16 99.8

WEEKS K17 0.3

MARSHALL K18 > 99.9

SUBLETT K19 >99.9 ;

Km K20 >99.9

LEVAY Kp© K21 <0.1

IKAR K22 >99.9

K23 <0.1

Cls K24 <2.0

Data from Redman et al.,, 1993
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very closely linked or, more likely, are subloci within a single genctic locus at
which sets of allelic genes of the Kell blood group system reside (section 1.8.12).

The antigens K12, K13, K14, K18, K12 and K22 have been shown to be associated
with the Kell blood group system at a phenotypic level, but not vet at a genetic
level (Marsh et al, 1987). These antigens are absent from cells which lack the
antigens of the known antithetical groupings already described. However, the
genetic control of the production of some of these anligens may involve genes
that are positioned near the Kell complex locus. It is possible that these genes
are not expressed in the K@ diploid individual.

In 1976, Marsh listed K16 as being an antigen similar to K2, which is found on
K:2 cells but which is absent from K:-2 cells {(Marsh et al, 1976). The possible
qualitative difference between K2 and K16 is apparent when investigating
MCLeod phenotype red ceils which exhibit a weakened form of the K2 antigen.
This is discussed in section 1.8.6.

1.8.5 The Kell Null phenotypc

Ko is a red cell phenotype where all Kell complex antigens are absent, with the
exception of Kx. Although Kx is related to Kell, it has been shown to be the
product of an allele outwith the KII gene complex locus (Ho et al., 1992). The K,
phenotype occurs when two K9 genes are inherited at the Kell complex locus.
KO is a silent allele at this locus and inheritance of two of these alleles results in
red cells with the K:~1, -2, -3, -4 etc. phenotype. Ascertainment of the Ko
phenotype is often by the detection of the "total-Kell” antibody anti-KU (anti-
K5). This may bec produced following immunisation by transfusion or
pregnancy (Corcoran et al,, 1961).

1.8.6 The MCLeod phenotype

The MCLeod phenotype is associated with the Kell blood group system. In this
phenotype, the expression of the Kell complex antigens is markedly weaker
than in normal red cells (Allen et al, 1961). MCLeod cells were firstly thought
to be of the Ko phenotype, but weak (w) expression of some Kell system
antigens was later observed. However, detection of these weakly expressed
antigens required adsorption/elution studies. The first MClLeod cclls studied

were of the Ki-1, 2w, -3, 4w phenotype. Subsequently, it was shown that red cells
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of the MCleod phenotype also have weak expression of Ku (K5) and jsb (K7}
(Stroup ct al, 1965, Nunn et al, 1966). M¢Leod red cells lack the otherwise
ubiquitous red cell Kx antigen (Marsh et al, 1975). Red cells which lack the Kx
antigen are acanthocytic in appearance, i.e. irregular in size and shape with
numerous protrusions extending from the cells. They are cleared from the
circulation faster than normal and the person with MCLeod phenotype is likely
1o have anaemia, reduced haptoglobin levels, increased hilirubin levels and

splenomegaly.

An antibody which reacted with all normal Kell system phenotypes and Kg cells
was discovered in a donor serum sample (Claas) (van der Hart et al, 1968).
However, it did not react with the red cells of the donor or with those of the
original MCLeod propositus. This antibody was named anti-KI. (anti-K9). At first
it was unclear how a Kell system antibody could rcact with Ko cells, since these
were known to lack all Kell system antigens. Seven years later, it was reported
that MCLeod phenotype rcd cells lack the antigen Kx and that MCLcod
phenotlype individuals can be immunised and can produce anti-Kx (Marsh et
al, 1975}, Kp red cells express large amounts of the Kx antigen, while
individuals with two fully functional genes at the KEL complex locus produce Kx
in smaller quantities. From these data, it became clear that anti-KL and anti-Kx
were not of the same specificity, as anti-KI. was shown to react equally well
with all cells except those of the MCl.eod phenotype, regardless of the presence
or absence of the K© gene. Using Kq cells and the adsorption/elution technique
it was possible 1o separate anti-Kx from anti-KL (Marsh et al, 1975). A second
antibody, anti-Km (anti-K20) was not separable from anti-KI. by adsorption
with Kg red cells (Marsh, 1979). This antibody dcfines an antigen which is
present on all normal Kell system phenotype cclls, but which is absent from
ccells of the Ko und MCLeod phenotypes. This suggests that production of Km is
controlled by a gene at the KEL complex locus. Anti-KL was therefore regarded
as a mixture of anti-Kx and anti-Km which could be separated by differential
adsorption.

The increased amount of Kx antigen on the cells of K@ homozygous or
heterozygous individuals, by comparison with cells from individuals who do not
inherit a KO gene, allows the determination of KO in the heterozygous state.
This can be achieved by titration with anti-Kx against the red ccll samples.
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Comparison ol antigen expression in Kg and M¢leod phenotype red cells has
demonstrated the weakened expression of Kell system antigens on MCleod
phenotype red cells, compared with the complete lack of expression of all Kell
system antigens on Kg cells (Issitt, 1985).

1.8.7 Inheritance of the MCLeod phenotype

An important aspect of the MCLeod phenotype is that it is confined to males.
This indicates that it has an X-linked mode of inheritance (Marsh et al, 1975).
The gene locus may be referred to as Xk (Bertelson et al., 1988, Ho et al., 1992)
and the normal allele that orders synthesis of the Kx antigen is X'k. This allele js
absent from MCLeod phenotype individuals. Female carricrs will bear both
normal and MCLeod phenotype sons, and both normal and carrier daughters
depending on the maternal X chromosome inherited {(Marsh et al, 1990). it is
likely that the KEL gene complex locus of MCLeod subjects is normal, as weak
Kcell system antigens can be detected on MCLeod phenotype cells. The modified
expression of the KEI complex antigens correlates with the inheritance of a
variant gene at the Xk locus (Marsh et al, 1990}. It is unlikely that a specific
inhibitory effect leads to the modification of the Kell system antigens, but the
genc present at the Xk locus may affect the production of the normal Kell
protein or its insertion into the red cell membrane. Lack of a normal allele at
the Xk locus may result in incomplcte biosynthesis and processing ol Kell
protein, but would still allow the production of Kx carrying protein. The
synthesis of this Kx protein may be at an increased level in Ko individuals, as
there is a decrecased rcquirement for the cell to produce the Kcll protein at
normal levels. This would explain why Kg cells are Kx positive despite the fact
that the individual has two silent genes at the KEL camplex locus (Marsh et al,
1990}.

Determination of the expression of the MCLeod phenotype may be by the
detection of anti-Km or anti-Kx, or by the detection of markedly weakened red
cell surface antigens of the Kell blood group system during typing tests. A
strong indicator to the MCLeod phenotype is the detection of acanthocytic red
cell morphology in a blood smear. It is important 10 note that the MCLeod
phenotype has been linked with diseases such as X-linked chronic
granulomatous disease {(Van der Hart et al, 1968). This will be discussed in
greater detail in section 1.8.18.
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1.8.8 Position effects in the Kell system

When discussing the Kell blood group system it is necessary to consider the
effect of the presence of one antigen on others within the system, i.e. position
effects. This is related to the inheritance of parental gene complexes: cis is
when a gene complex encoding two particular antigens is inherited from one
parent; trans relates to the inheritance of a gene complex encoding ane of the
antigens from one parent and a gene complex encoding the second antigen
from the other parent. When counsidering possible cis and trans position
effects within the KEL complex locus, two sets of findings give important
information regarding the production of K2, K3, K4 and K7. These findings
suggest a similar situation to that found in the Rhesus system, where C in the
trans position to £ may result in the DY phenotype. That is, a weakening of the
D antigen may occur where C is found in the trans position (Ceppellini et al.,
1955). In 1958 Allen et al. reported a marked weakening of the K2 antigen on
K:-1, 2, 3, -4 red cells and that the expression of K2 on K:-1, 2, 3, 4 red cells was
less than on K:-1, 2, -3, 4 cells, when tested in parallel (Allen et al., 1958). This
could be explained by assuming that K3 in the trans or cis position o KZ
results in a weakening of the K2 antigen. Similar studies have also reported that
K3 in trans or cis to K7 lowers expression of the latter gene (Issitt, 1985).

Evidence was published which reinforced an earlicr observation that K€ in
trans to a K3 containing gene complex depresses expression of the genes of
that complex (Ford et al, 1977). These workers tested cells of individuals who
were genctically K2, K3, K7/K2, K3, K7 and K2, K4, K7/K2, K4, K7 in order to
demonstrate that this effect was due to KO and not K3. In contrast to other
reported resuits, these studics showed no effect of K3 on K7 or KZ expression
(Issitt, 1985).

Brocteur et al. worked on a family which appeared to be heterozygous [or KO
and found that K¢ in transto K3 resulted in reduced production of K3. lHowever,
when K© was in trans to K4, the antigen production attained normal levels
(Brocteur et al, 1975). Several groups found, from family studies, thal when K¢
was paired with the K2, K3, K7 complex the red cells had reduced levels of K2,
K3, K5, K7 and K13 (Kaita et al,, 1959, Kout, 1975, Marsh et al., 1975). When K¢
was in trans to the K2, K4, K7 complex, there was no evidence of reduction in
any of the antigen stengths. These results suggest that K3 in trans or cis to K2
and K7 sometimes causes a reduction in the amount of K2 and K7 produced. K®in




trans to a gene complex containing K3 always causes a reduction in the
expression of most or all of the antigens encoded by that gene complex. K9 in
trans to the K2, K4, K7 complex has no «ffect on the genes at that complex. No
information is yet available as to the possible trans effect of K9 on the K1, K4,
K7 or K2, K4, K6 complexes.

Additional position effects become obvious when some of the very common Kcll
system related antigens are taken into consideration. For example, cells which
are K:-13 are reputed to have weakened expression of K2, K4, K7, K11, K14 and
K18 (Marsh et al, 1974, Marsh, 1976)

1.8.9 Linkage analysis within the Kell blood group system

As already described, there are a series of allelic genes in the Kell blood group
system. These sels of alleles are similar to C and ¢, and E and e of the Rhesus
system. As with the Rhesus genes, those in the Kell system show very close
linkage and crossing over has not yct been detected (Issity, 1985). Several
theoretically possible gene complexes have not been encountered in the Kell
blood group system. In cach of the known allele sets, one allele is always very
much less frequent than the other. For example, high [requency antigens
include K2, K4, K7 and K11 whereas K1, K3, K&, K10 and K17 are much less
frequent. Since KtQ is rare, it is likely that its allelic partner (when found), will
be very common.

‘The most common combination of alleles is K: 2, 4, 7, 11. Gene combinations
which code for one of the less frequent antigens encode only a single antigen.
That is, a gene complex which codes for the production of anyv two of the
antigens K1, K3, K6, K10 and K17 has not been described. It has been suggested
that the complex K2, K4, K7 represents the original KEL gene and that X1, K3
and K6 each represenl mutations (Chown, 1964). The existence of two of the less
frequent genes would represent a double mutation and would therefore be
extremely rare. Sufficient family studies have already been performed to expect
at least one of the unidentified gene complexes to have been discovered. The
reason they have not may be that when more thun one of the genes K1, K3, K6,
KiQor K17 are present on a single chromosome, only one of them can be
expressed as a recognisable antigenic determinant. Alternatively, the genetic
material may be unable to cope with two mutations at the same locus, Blood
samples showing expression of two of the three antigens K1, K3 and K6 have
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been reported, but on every occasion these antigens were the products of genes
on diflferent alleles,

Absolute linkage provided the key to the designation of Ul& (K10} and Wk& (K17}
to the Kell system (Furuhjelm et a«l, 1969). It was found that K:1, 2, 10 samples
were always a product of the genotype K1/K2, K10. That is, only one of K1 or KI0Q
can be inherited from one parent. Therefore, it is possible that KI is at one
sublocus on the chromosome and K2 and K10 are at another. If KI0 had not
been at the KEL complex locus and, if independent segregation of KEL gencs
occurred, then a normal Mendelian distribution would be expected. However,
100% of the samples tested were either K:1, -10 or K:-1, 10. Family studies
revealed that K17 is at the KEL complex locus and travels with K2 (Strange et
al,1974).

1.8.10 Biochemistry of Kell system antigens

Early evidence suggested that both protein and sugar are involved in the
antigenic activity of the Kell blood group system. Branch et al. concluded tfrom
their results that two distinct disulphide bonds are required for maintenance of
Kell blood group antigens (Branch et al, 1983). Kell protein on red cells is in a
folded configuration held in position by intra- chain disulphide
bonds. It is probable that both the folding of the protcin and the lipid
environment of the red cell membranc are important in maintaining the
correct conformation for the presentation of Kell antigenic determinants on
the cell surface.

Isolation of Kell protein has been achieved by sensitisation of red cells
expressing "normal"” Kell system antigens with Kell related antibodies {Redman
el al,, 1984, Wallas et al,, 1986). These sensitised red cells were solubilised and the
antigen-antibody complexes removed from the mixture by affinity
chromatography using Protein-A or a second antibody bound to a gel filtration
matrix. This process is referred to as immunoprecipitation and the eluted
immune complexes can then be resolved using sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS PAGE). Under reducing conditions, this
technique generates bands which relate to the heavy and light chains of the
antibody and a Kell antigen-carrying 93 kDa protein, after appropriate staining
procedures have been performed. Several different antibody specificities have
been used to isolate this protein (anti-K1, K2, K4, K5, K7, K12, K13, K14, K19, K22
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and K23) (Redman ct al., 1984, Redman ¢t al., 1986, Wallas ct al., 1986, Marsh et
al, 1987). This suggests that almost all of the high incidence Kell related
antigens are carried on the same 93 kDa protein, indicating that they may all be
products of the KEL gene. This 93 kDa protein was found to stain by the periodic
acid-Schiff technigue, demonstrating the glycoprotein nature of the antigens
(Branch et al, 1983, Redman et al., 1984).

Treatment of the isolated protein with N-glycanase resulted in a reduction in
apparent molecular mass from 93 kDa to 78-80 kDa. This suggests that five or six
N-linked oligosaccharide side chains are attached 1o the cell surface exposed
portion of the protein, assuming that one oligosaccharide side chain has an
average molecular mass of 2.5 kDa (Redman et al., 1986).

When the immune complexes were separated under non-reducing conditions,
two protein bands of estimated molecular mass 85 kDa and 115 kDa were detected.
These data suggest that the Kell protein may be complexed with one or more
other membrane constituents on the red cell.

In one study, quantitative experiments using anti-K7, anti-K22 and a mixture of
both were performed. The results indicated that both antigen specificitics are
present on the same molecule (Redman et al.,, 1984). Another report showed that
anti-K7 and anti-K14 could only immunoprecipitate a detectable radioactive
band at 93 kbDa from K:7, 14 cells and not from Ko cells, confirming the
correlation between this protein band and the Kell complex protein (Redman et
al, 1986). It was also demonstrated that chymotryptic and tryptic peptide maps
of the Kell protein and Band 3 protein were markedly different (Redman et al,
1986). This strongly suggests that the Kell protein and Band 3 protein, the major
red cell membrane protein, are different proteins despite their similarity in
size. Further contirmation of this was obtained when Kell protein was analysed
using a sheep antibody to a 43 kDa fragment of human Band 3. The antibody
rcacted only with Band 3 protein and not with Kell protein by Western blot
analysis. Another important factor is that Band 3, but not the Kell protein, is
phosphorylated when cells are incubated with 32 AP (Redman et al., 1986).

It has recently been suggested that it is unlikely the oligosaccharide side
chains play a major part in the determination of the specificity of any of the
Kell system antigens, although they may have some involvement (Marsh et al,
1990, Murphy et al, 1993). The conformation of the antigen molecule on the
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membrane is important in madintaining its antigenicity. This is reinforced by
the fact that Kell protein, isolated under reducing conditions, does not react
with antibodies directed against Kell system antigens when the protein is bound
to nitrocellulose paper and analysed by the Western blot technique {(Redman ct
al,1986).

Immunoprecipitation experiments using anti-Kx antisera, resulted in the
isolation of a protein of estimated mass 37 kDa which carries the Kx antigen
(Marsh et al, 1990). Quantitative radiolabelling experiments reinforce the
evidence that Ke red cells yiceld high levels of Kx, but M¢Leod phenotype red
cells yield none {Redman et al,, 1986) (sections 1.8.5-1.8.7).

1.8.11 Interaction of genes at the KEL and MCLeod loci

As discussed earlier (section 1.8.5), the Kell phenotype detectable on the sur{ace
of red blood cells may be a result of an interaction between products of two
independent genes; an autosomal gene located on chromosome 7933 and an X-
linked gene on the short arm of the X-chromosome at Xp21 (Ho et al,, 1992, Lee et
al, 1993). The 93 kDa Kell protein is encoded by the autosomal gene while the X-
linked gene encodes a 37 kDa protein carrying the Kx antigen {(Redman et al,
1988). This X-linked gene has been referred to as Xk The role of the Xk gene in
relation to Kell antigen expression is unknown, but it is already well
established that the absence of the Kx antigen is linked to a marked weakening
of normal Kell system antigens. It is possible that an interaction of the two gene
products is required for the two proteins to assume the correct location in the
plasma membrane. Lack of the Kx protein in the red cell membrane presents an
acanthocytlic cell morphology (section 1.8.6).

1.8.12 The XEL locus

Recent work has probed more deeply into the genetic locus encoding Kell
system antigens. Zelinski et al. have published work which shows genetic
linkage between the Kell blood group system and prolactin inducible protein
{PIP) loci, and have provisionally assigned KEI to chromosome 7 (Zelinski et al.,
1991 a). They suggest a similar assignment for KFL as [or PIPat 7q32-q36. These
results were established through family studies. This work disproved an earlier
assignment of KI1. to chromosome S {(Leppert et al, 1987). It has also been
suggested that the location of the KEL locus on chromosome 7 is distal to the
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cystic fibrosis locus (Purohit et al,, 1992). Data which has arisen as a result of
this project defined the location of the gene cncoding the Kell protein more
closely on chromosome 7 to 7q33-q35 (Murphy et al, 1993). A simultancous
publication defined the location as 7q33 (Lee ct al, 1993).

Genetic assignment of KEL depends on the availability of a Kell specific DNA
probe for hybridization to human chromosomes. With foreknowledge of the
¢DNA sequence of KEL (and hence the Kell amino acid sequence} a suitable
oligonucleotide KEL probe was designed for hybridization studies and used to
isolate the full length KFL from a human cDNA library (e.g. bone marrow igt
10) (Lee et al, 1991). PCR may also be used for amplification of KEL specific
sequences from human cDNA libraries, or from cDNA manuflactured from RNA
isolated from individuals of known Kell phenotype. The application and
usefulness of PCR techniques in transfusion science are discussed in section
1.2.2.

The reported results of hydropathy analysis of the predicted aminoe acid
sequence of the Kell protein suggest that it has one membrane spanning region
from amino acids 48-67 (Lee et al, 1991) (Figurce 1.5). The 47 amino acids at the
N-terminal end are hydrophilic and are predicted to be cytoplasmic. The N-
terminal end is blocked by pyroglutamic acid and cannot be sequenced [or this
reason. Immediately adjacent to the membrane spanning region, the predicted
cytoplasmic domain is marked by a pair of arginine residues und there is a
negative net charge dilference between residues on the outer and inner
(cytoplasmic) side of the putative membrane spanning region. These workers
confirmed that there are six N-glycosylation sites on the protecin.

The putative extracellular
domain also has a peculiar amino acid sequence which allows the binding of
zinc atoms i.e. a "zinc finger" (Lutz et al, 1992). This suggests that the Kell
glycoprotein may be distanily related to the zinc metalloprotease family. In the
extracellular segment of the protein, at amino acid residues 581-612, two
overlapping leucine-zipper like regions have been identified (Redman et al,
1993).

A recent report describes the organisation of the KEL genc. The complete gene
spans 21.5 kb, containing 19 exons (or coding regions). These 19 exons refate to
the 731 amino acid protein sequence (Lee et al, 1995 b). The intervening
introns (or non-coding regions) must constitute about 19 kb of gene sequence




Figure 1.5 Diagrammatic representation of the Kell protein

Diagrammatic representation of the Kell protein illustrating the presence of
carbohydrate side chains, cysteine residues, and arginine residues which mark
the start of the membrane spanning domain. The protein is 732 amino acids in
length. The intracellular domain comprises the first 47 amino acids, amino acids
48 to 67 constitute the single membrane spanning rcgion and the remainder of
the amino acid sequence is extracellular. The N terminal end is blocked by

pyroglutamic acid (Lee et al,1991).
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as the KEL cDNA is known to be approximately 2.4 kb in length. The putative
membrane spanning rcgion of the protein is encoded in exon 3 and the zinc
binding site region is encoded in exon 16.

1.8.13 Kell antigen copy number

Kell system antigens have been studicd quantitatively using 1125 Jabelled anti-
K1. It was estimated that K:1, -2 cells have approximatcly 6000 K1 sites per cell
and K:1, 2 cells have approximately 3500 K1 sites per cell (Hughes-Jones et al,
1971). The number of K2 sites on both homozygous and heterozygous cells is
thought to be between 2000 and 5000 sites per cefl. Kell system antigens have
fewer antigen sites on the red cell membrane than those of any other major
blood group system for which data are available. This is not reflected in the
immunogenicity of the antigens themselves, as the corresponding antibodies
give strong agglutination and arc often of high titre. Thus, Kell blood group
antigens are extremely immunogenic given their low copy number.

1.8.14 Chemical modification of Kell system antigens

It is possible to use chemicals to denature the Kell antigenic structures and thus
modify the cells with respect to antigen expression. It has been shown that both
incubation of cells in Jormaldehyde solution and treatment of cells with
sulphydryl compounds cause inactivation of Kell sysiem antigens (Branch et
al, 1983). Treatment of intact ceclls with 2-aminoethylisothiouronium bromide
(AET) effects the complete inactivation of all known Kell system antigenic
determinants, making the cells non-reactive with antibodies which define
these antigens (Advani et al, 1982). Artificial production of Ko cells is thus
achieved. AET treaument also increascs the level of Kx antigen on the cells
(Issitt, 1985). These findings support the theory that Kx may be the membrane
protein to which Kell system antigens are attached. In cells other than Ko, the
presence of Kell system antigens may block the access of anti-Kx o the Kx
determinant, resulting in a weak haemagglutination reaction. As the AET
removes the Kell system antigens the Kx antigens may become more accessible
to anti-Kx and the reaction strength would increase accordingly. The ability to
create Ko cells artificially is of great advantage when studying Kell system
related autouantibodies, which cause warm autoimmune haemolytic anaemia.
AET, as expected, removes weak Kell system antigens from MCLeod phenotype
red cells. It has also been shown to inactivate the Km antigen, which is lacking
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from MCLeod cells but not from any other cells. This finding was evidence that
the Km gene resides at the KEL complex locus, unlike the Kx gene.

ALT can be extremely useful when assignment of new low frequency antigens
to the Kell system is an issue. If the "new"” antigen can be inactivated by AET,
then this provides an indication that the antigen may reside within the Kell
blood group system.

Another reagent, ZZAP, which is a mixture of dithiothreitol (DTT) and papain,
also destroys Kell system antigens on intact red blood cells (Branch et al, 1982).
Again, as the Kell system antigens are removed, the amount of detectable Kx
antigen increases. ZZAP, unlike AET, does not denature the K antigen. When
the constituents of ZZAP are used separately, the Kell antigen is inactivated
only when the cells are incubated first with DTT and then with papain
(Savalonis et al, 1988). This may suggest that the outermost structure of the
protein responsible for antigenic activity is maintained by disulphide bonds
which conceal the papain sensitive sites. Therefore, DTT must be used first to
cleave these bonds before papain can act on the protein responsible for Kell
activity. It has been suggested that K6 and K7 antigens are different from other
Kell system antigens on the basis of their sensitivity to DTT treatment {Branch
et al, 1983). These two antigens are denatured by 1 to 2ZmM DTT, whercas other
Kell system antigens requirc 200mM DTT for complete denaturation. These
results indicate that K6 and K7 antigens may be located on a dillerent antigenic
domain.

1.8.15 Kell antigens in other species

Kell "like" antigens are not exclusive to human red blood cells, although they
have been shown to be absent from human platelets, lymphocytes, monocytes
and granulocytes (Jaber et al, 1991). One recent report details Northern blot
analysis of various human tissues using a KEL specific probe and this suggests
that KEL mRNA is prcsent only in erythroid tissues (Lee et al, 1993).
Chimpanzece red bhlood cells have a Kell system very similar to that of humans
wilh respect to antigenic specificity. The most significant difference between
the two is the size of the membrane glycoprotein carrying the antigenic
determinants. The human determinants are carried on a 93 kDa protein whereas
the chimpanzee version is carried on a protein of estimated molecular mass of
97 kDa (Brendel et al,, 1985). This difference is due to increased glycosylation. of




44

the chimpanzee Kell protein. It has also been noted that chimpanzee Bund 3
protein migrates with a slightly higher predicted molecular mass than human
Band 3 by SDS-PAGL. This suggests there may also be heavier glycosylation of
this protein in the primates. There arc no reports of Kell-like red cell antigens

in other vertebrate species.

RBacteria have the ability to express antigenic determinants which mimic Kell
blood group system antigens. This was discovered when individuals were shown
to produce anti-K1 antibodies with no evidence of previous transfusion or
pregnancy. It was found that immunisation was by way of a Kell-like antigen
on E coli 0125:K70 (B15) (Marsh et al,, 1990). It has been reported that B coli
0125:B15 subtype 12808 has specific Kl-like activity when tested by
haemagglutination inhibition (Savalonis et al, 1988). Springer et al. had
previously shown that microorganisms may express antigens similar to that of
human blood groups and can stimulate the formation of naturally occurring
alloantibodies ({Springer et al, 1961). The absence of K1-like activily in all but
this single E colf subtype relates to the rarity of naturally occurring non-
immune anti-K1 antibodics. Savalonis et al. showed that this anligenic
determinant can only be detected on disrupted organisms (Savalonis et al,
1988). Thercfore, processing of an intact organism by phagocytosis, and its
subsequent destruction is likely to be a necessary stage in the {ormation of
naturally occurring antibodies.

1.8.16 Kell related antibodies in vive

The production of antibodies is essential for the definition and identification of
Kell antigens. Anti-K1 is a persistent antibody produced mainly in response to
an antigen positive blood transfusion or foetomaternal bleed. Antibodies to
other Kell system antigens are less comunon due to the very high or low
incidence of these antigens. Anti-K3 and anti-K6 are made less frequently than
anti-K1, purely as a result of the low frequency of the antigens. Anti-KZ2, anti-
K4 and anti-K7 are also rare antibodies. When anti-K2, anti-K4 and anti-K7 do
arise, provision of compatible blood for transfusion can be difficult and suitable
frozen blood may be required. There is relatively little information available
regarding the actlivity and clinical significance of alloimmune anti-K11, -K12,
-K13, -Ki4, -K18, -K19 or -K22. Therefore, the decision to transfusc compatible
blood may be more difficult. Antibodics specific for some of the common Kell

system untigens can occasionally be autoimmune in nature and can cause in
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vivo red cell destruction and haemolytic anaemia. Anti-K1 can causc scvere
TIDN, but the disease is generally mild compared to that caused by anti-Rhesus D.
HDN can also be caused by anti-K3, anti-K4, anti-K6 and anti-K7. A case
resulting from the presence of unti-K5 merited exchange transfusion due to its
severity (Hardy et al,, 1981). Since most of the Kell system antibodies defined to
date have a considerable ability to clear antigen positive red cells from the
circulation, transfusion of antigen negative blood to immunised patients is
practised by most clinicians. The expression of Kell system antigens staris about
week 10 of foetal life and also begins early in red cell maturation, at the early
erythroblast stage in adults (Marsh et al, 1990).

1.8.17 Kell related antibodies in vitro

Monoclonal antibodics have been described which are specific for the Kell
system antigens K1, K2 and K14 (Parsons ct al, 1982, Sonneborn et al, 1983,
Nichols et al, 1987, Jaber et al, 1989, Jaber et al,, 1991). These are mainly mouse
monoclonal antibodies produced by fusion of the spleen cells from
hyperimmunised mice to 2 mouse myeloma cell line. The immunogens in every
case were native or papain-treated intact red blood cells. A human anti-K!
monoclonal antibedy has been described (Jaber et al,, 1989). This was produced
by transforming a B-lymphocyte cell line secreting anti-K1 with Epstein Barr
Virus. This allows continuous culture of these cells in vitro and they can be
fused to a suitable cell line to increasc stability and to facilitate continuous
culture or storage.

The use of such monoclonal antibodies has proved beneficial in the
investigation of the spatial organisation of Kell system antigens on the protein,
by use of a technique known as the MAIFA assay (monoclonal antibody-specific
immobilisation of erythrocyte antigens) (Petty et al, 1994). Monoclonals of
predetermined specificities are used in a competitive binding assay with human
polyclonal antibodies. The results of this type of assay yield valuable infomation
regarding the relative positions of Kell system antigens on the folded protein.
The MAIEA assay was used to determine the close proximity of the K12 antigen
to the K/k and Js/]sb antigens on the Kell protein (Reid et al., 1995).
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1.8.18 Discase associations and the Kcll system

As stated briefly carlier, disease associations exist with respect to some Kell
related phenotypes. The most extensively documented association is MCleod
phenotype, the intricacies of which have already been discussed, and X-linked
chronic granulomatous discase (CGD). Van der Hart et al. revealed a recurrence
ol severc bacterial infections in people of M¢Leod phenotype and it was later
shown that there is an association between MCLeod phenotype and X-linked CGD
(Van der Hart et al, 1968). In X-linked CGD, the patient’s granulocytes can
phagocytose bacteria but cannot kill them. This results when the patient’s
phagocytes fail 1o generate supcroxide and other activated oxygen derivatives
on ingestion of microbes. A consistent finding is the absence of the haem
spectrum derived from a cytochrome b (Royer-Pokora et al, 1986, Thrasher et
al, 1994). The way in which this association presents itsell is as follows. The Kx
antigen is present on both red cells and granulocytes. When Kx is present on
the red cells, autosomal Kell system genes are expressed normally. However,
the absence of the Kx antigen on red cclls causes a weakening of the red cell
surface Kell system antigens, resulting in MtLeod phenotype. When Kx is
present on granulocytes they function normally, but when Kx is missing they
cannot destroy bacteria and X-linked CGD may occur. It should be noted that X-
linked CGD and M¢Leod phenotype is not an absolute relationship. A condition
known as chronic granulomatous disease which is not X-linked has also been
identified. In this case, thc granulocytes carry normal levels of the Kx antigen
and the inheritance of the disorder involves a recessive autosomal gene, There
is no linkage between MCLeod phenotype and this form of the disease. Samples
of blood from unrelated MCLeod individuals have been shown to exhibit a
chromosomal dcletion at about 500 kb 1owards the pter side of the CGD locus on
the X-chromosome at Xp21 and it is assumed that the Xk locus is within this
deletion (Francke et al, 1985, Ho et al., 1992). Other associations hetween M¢Leod
phenotype and disease states have been identified. These include diseases such
as retinitis pigmentosa, Duchenne type muscular dystrophy, cardiomyopathy
and neurological disorders. The likely reason for these links is that the disease
loci are found on the X-chromosome in the vicinity of the MCLeod locus.

1.8.19 Weakened Kell system antigens

Temporary weakening of all the Kell system antigens can be an acquired
condition and may result in the antigens being almost undectectable by

L AN
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haemagglutination tests. As a result, the cells may be wrongly typed as Ko. Fach
casc of this condition has been associated with the production of a Kell system
specific autoantibody (Seyfried et al, 1972, Beck et al., 1979, Marsh et al, 1979,
Manny ¢t al, 1983, Brendel et al.,, 1985, Marsh et al, 1920). Some of these
autoantibodies have broad specificity, reacting with all except Kp cells. ‘The
only way 10 ascertain serologically that cells from these individuals are not the
product of a K9KO genotype is to deteclt this autoantibody in the serum.
Weakening of Kell antigens is rare, but when it does arise most of the detectable
autoantibodies are anti-K1-like in specificity and have been produced without
any known antigenic stimulus. The mechanism whereby the antigen strength
is reduced is unknown. One unlikely possibility is that a de nove modification
occurs during the biosynthesis of the Kell protein, or during its incorporation
into the red cell membrane. Alternatively, it may be a result of antigen
alteration on the red cell surface by an extracellular enzyme, possibly of
microbial origin, such as a glycosidase, a protease or a reductase.

Two cases have been reported which give a clue to the weakening of Kell
system antigens (Venglen-Tyler et al, 1987). In both cascs, the patient was
transfused with red cells which had the samc Kell phenotype but a different
Rhesus phenotype to the patient's own cells. Samples of blood were taken at
intervals over several weeks and the red cells were separated by differential
agglutination using Rhesus antisera. This established that the transfused red
cells retained their Rhesus antigens, but that there was a progressive decrease
in the immunoreactivity of the Kell system antigens present. This must reflect
the activity of an agent present in the patient’s plasma. Five months after the
initial tests, the Kell related antibody which had been present in the patients’
plasma had disappeared and the Kell system antigens on the red cells returned
to normal strength.

In a situation where the patient has anaemia and has an autoantibody which is
specific for a high incidence antigen within the Kell blood group system,
transiusion of incompatible blood can result in a severe haemolvtic reaction.
This may result indirectly from the weakening of the patient's own Kell system
antigens in order to protect them from the haemolytic consequences of the
scrum autoantibody. Therefore, it is important to transfuse compatible red cells
to patients in this situation. Finding compatible blood for transfusion in such
cases may prove difficult and the patient may have to be transfused with Ko
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blood. Tertunately, the majority of cases of this type do not cause accelerated in

vivo red cell destruction and, therefore, do not require transfusion.
1.8.20 Another rare phenotype in the Kell system

There is an additional rare phenotype in which the Kell antigens have
permanently weak expression. Initially this may resemble Ko, but
adsorption/clution studies have shown the presence of weak K5 and other Kell
system antigens. Some individuals of this phenotype can produce an
alloantibody which resembles anti-K5 as a result of transfusion or pregnancy.
This is mislecading when identifying the red ccll phenotype and may point
towards the Ko phenotype, as these cells also have an enhanced reaction with
anti-Kx, This type of weakening of Kell system antigens persists over several
vears and appears to be inherited, although the mechanism is unknown. This
phenotype is referred to as Kmod (Marsh et al, 1987).

1.8.21 Conclusions on the Kell blood group system

A greal deal has yet to be learned about the genetics of the Kell svstem and the
biochemisiry of the antigens themselves. It is hoped that more murine or
human monoclonal antibodies will be produced which can be used to define
more precisely the Kell system antigenic structures and which could be used as
valuable blood grouping reagents. It is very likely that techniques such as PCR
may be used more widely to investigate new antigens and to shed light on
linkage disequilibria present within the Kell blood group system. PCR may be
particularly uselul for investigation of variations at the genetic level between
different serologically defined antigens within the Kell blood group system,
The application of novel techniques such as in situ hybridization, reversc
transcription PCR and immunofluorescence microscopy will hopefully provide

novel genetic and immunological data on the Kell system in the next few years.
1.9 Suwmmary

Much important informationn has been gathered in recent years regarding the
basis of red cell blood group system variation. These findings could have come
to light only by the use of molecular biological techniques, These developments
will allow more detailed investigation of rare samples than would otherwisc be
possible through use of conventional techniques.  Molecular biolegical
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techniques are, therefore, extremely important in the field of transfusion
science, both for the continued investigation of red cell antigen genes and for

the development of diagnostic assays with direct patient care implications.
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Unless otherwise stated, all chemicals were Analar grade and supplied by BDH

Chemicals or Fisons Scientific. All radiochemicals were purchased from

Amcrsham [nternational plc. Growth media were obtained from Dilco

Laboratorics, Where chemicals or equipment were obtained from other sources,

this is indicated in the text. A list of suppliers of special reagents is given

below:-

Aldrich Chemical Co., Gillingham, Dorset.

Amersham International ple, Amersham, Bucks.

Applied Biosystems (Perkin Llmer), Warrington, Cheshire.
BDH Chemicals, Poole, Dorset.

Biogenesis Lid., Bourncmouth, England.

Boehringer Corporation (London}) Ltd., Lewes, East Sussex.
Clontech, Cambridge BioSciense, Cambridge.

Cruachem Ltd., West of Scotland Science Park, Glasgow.
Dilco Laboratories, Detroit, USA.

Dynal, New Ferry, Wirral.

Imperial Cancer Reasearch Fund, South Mimms, Potters Bar, Herts.

Fisons Scientific, Loughborough, Leicestershire.

Fluka Chemicals Ltd., Gillingham, Dorset.

Genosys Biotechnologics, Inc., Cambridge.

Gibco/BRL (Bethesda Reseuarch Laboratories) Lid., Paisley.
Hybaid Ltd., Teddington, Middiesex.

Kodak Ltd., Kirby, Liverpool.

Northumbria Biologicals Ltd., Cramlington, Northumberland.
Pharmacia Ltd., Milton Keynes.

Promega Lid., Southampton.

Scotlab Bioscience, Coatbridge, Scotland.

Sigma Chemical Co., Poole, Dorset.

Stratagene Ltd., Cambridge.

United States Biochemicals, Antersham International ple, Bucks.
Whatman International Ltd., Maidstone
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2.2 Media and buffers

All media and solutions used for the growth of microorgunisms or the handling

of nucleic acids were sterilised by autoclaving for 20 minutes at 15 pounds per

square inch or by filter sterilisation.

BACTERIAL GROWTH MEDIA :

LB medium {(per litre)

LB plates (per litre)

LBA plates (per litre)

2x Y1 (per litre)

Minimal glucose plates

{(per litre)

5X M9 salts (per litre)

10g Bacta tryptone
S¢g yeast extract
10g NaCl

1 litre LB medium
15g Bacto agar

996ml LB medium
15g Bacto agar
4ml ampicillin (25mg/ml stock solution)

16g Baclo tryptone
10g yeast cxtract
5g NaCi

15g minimal agar in 900mi H20

100ml 10 x M9 salt

1ml1 0. 1M CaCl;

10m1i 20% (w/v) glucose
1ml 1M MgSO4

1ml 1M thiamine HCI

64g NazHPO4.7H20
15g KH2FO4

2.5g NaCl

5.0g NH4Cl




BUFFERS

10xTBE

TE

TBE Loading Dyes

20xSSC

100x Denhardt's solution

solution D

5x formaldehyde

gel running buffer

DEPC-treated
formaldehyde get
loading buffer

0.89M Tris-IICl (pH 8.3)
0.89M boric acid
0.025MNa>EDTA

10mM Tris-HCl (pH 7.6)
1mM NazEDTA

50% v/v glycerol in TE (pH 7.6)
(.25% w/v bromophenol blue
0.25% w/v xylene cyanol FF

3M NaCl
0.3M sodium citrate (pllI 7.0)

10g Ficoll (type 400)

10g polyvinylpyrrolidonc

10g Bovine serum albumin (fraction V)
H701t0 500m}

4M guanidinium thiocyanate
25mM sodium citrate pH 7.0
0.5% SDS

0.1M 2-mercaptoethanol

0.1M MOPS {pll 7.0)

40mM NaOAc

5 mM NazEDTA (pH 8.0}

to 1 litre with DEPC treated 0

50% glycerol in lmM NazEDTA (pH 8.0)
0.25% w/v hromophenol blue
0.25% w/v xylene cyanol FF
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STE buffer 10mM Tris-HC (pH 7.5)
1mM Na2EDTA
150mM NacCl
5x TAE buffer (.2 M Tris/acetate
5 mM NazEDTA (pl1 8.0)
TAE loading dyes 100 w/v PEG 6000

0.25% w/v bromophenol blue
0.25% w/v xylene cyanol FF

0.1% w/v orange G

10x ligase buffer 300mM Tris-HCI (pH 7.8)
100mM MgCly
100mM DTT
10mM ATP

solution A 50mM glucose
25mM Tris-HCl (pH8.0)
10mM NaDTA

solution B 1% w/v SDS
0.2MNaOH

buffer P1 SOmM Tris-HC1 (pH 8.0)
10mM NazEDTA

buffer P2 200mMNaOH
196 w/v SDS

buffer P3 2.55M KQAc (pH 4.8)

buflfer QBT 750mM NaCl
SOmM MOPS (pH 7.0)
15% ethanol
0.15% Triton X100




buffer QC

2x BW buffer

TTL buffer

TT buffer

solution A4

solution C

solution DD

lysis buffer
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1.0M NaCl
50mM MOPS (pH 8.2)
15% ethanol

10mM Tris-TICl (pl] 7.5)
TmM Na EDTA
2.0M Na(l

300mM Tris-HCI (pH 8.0)
0.3% Tween 20}
&M LICE

100mM Tris-HCl (pH 8.0)
0.1% Tween 20

0.2mM dATP, dCTP and dGTP

in S00mM Tris-HCI (pH 7.8)
50mM MgCl,

100mM 2-mercaptoethanol
100pg /ul bovine serum albumin

0.4 Units/pl E coli DNA polymerase [
40pg/ul DNA Pol 1/DNAase 1

50mM Tris-HCI (pH 7.5)

SmM magnesium acetate

1mM Z-mercaptoethanol

0.1mM phenylmethylsulphonyl fluoride
50% v/v glycerol

100ug/pl bovine serum albumin

300mM NazEDTA (pH 8.0)

155mM NH4Cl
10mM NH4HCO3
0.1mM Na2EDTA (pH 7.4)




blood lysis bulfer

nuclear lysis buffer

Megaprime labelling
buffer solution 2

(Manufacturer's recipe)

solution 3

320mM sucrosc

10mM Tris-HCI (pH 7.5)
SmM MgCly

1% I'riton X100

10mM Tris-HCI (pH 8.2)
400mM NaCl
2mM NaIDTA

dATP, dGTP and dATTP in Tris-HCL (pH 7.5)
Z2-mercaptoethanol
MgClz

1 Unit/ul DNA polymerase | Klenow fragment in
50mM potassivm phosphate (pH 6.5)

10mM 2-mercaptocthanol

50% glycerol
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2.3 E. coli strains, plasmid vectors and their storage

The E coli strain used was stored in the short term (for up 1o one month) at 4°C
on tightly scaled LB plates. Longer term storage was in 50% {(v/v) glycerol at
-70°C. 'The following E coli strain was used in this study.

Strain used as host to plasmids pT718U and pTZ18Kk

XL1-Blue sup E 44, hsdR 17, rec Al, end Al, gvr A46, thi, rel Al, lac
F'[pro AR, 'lacl 4, IacZ AM153tn10(tet')]
genolype (Sambrook er al., 1988)

DNA vectors, recombinants and gligonucleotides used in this study.

DNA vectors were stored in sterile TE (pH7.6) (section 2.2) at -209C and
oligonucleotides were stored in sterile distilled water at -20°C, DNA stored in this
way remains stable indefinitely, providing there is no nuclease contamination.

pTZ18U and pTZ18R plasmid veclors.

The plasmid vectors pTZ18U and pTZ18R (United States Biochemicals Corp.) were
used for the subcloning of PCR products described in this study. All of the
restriction enzyme digested fragments were inserted into the multiple cloning
site. Maps of plZ18U and pTZ18R plasmids are shown in Figures 2.1 and 2.2
respectively.

2.4  Preparation and analysis of total RNA from whole blood

All procedures involving the isolation or manipulation of RNA were
undertaken with care in order to prevent contamination of samples with RNase
enzymes (gloves were worn at all times). Contamination with these enzymes
would lead to the degradation of the RNA contained in the samples. All
glassware and plastics used for these procedures were treated with a 0.1% (v/v)
solution of DEPC for 1 hour at 379C prior to sterilisation by autoclaving for 20
minutes at 15 psi. DEPC is an inhibitor of RNase, but is toxic and must be handled
with care.




Pigure 2.1 pTZ18U plasmid map

This vector contains a T7 RNA polymerase promoter within a lac Z' gene,
adjacent to the polylinker sequence of pUC18. It also contains the intergenic
{origin) region of phage f1, oriented in the "U" dircction, and a p-lactamase
gene which confers ampicillin resistance. T7 RNA polymerase initiates
transcription and proceeds through the multiple cloning site. Infection with
helper phage will produce single stranded copies of DNA. Fragments of KEL
c¢DNA were cloned into the polylinker region of this vector at the Bam HI and
Sall sites.
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Figure 2.2 pTZ18R plasmid map

This vector contains a T7 RNA polymerase promoter within a lac Z' gene,
adjacent to the polylinker sequence of pUC18. It also contains the intergenic
(origin) region ol phage 1, oriented in the "R" direction, and a g-lactamase
gene which confers ampicillin resistance. T7 RNA polymerase initiates
transcription and proceeds through the multiple cloning site. Infection with
helper phage will produce single stranded copies of DNA with the inverse
complement. Tragments of KEL ¢cDNA were cloned into the polylinker region of
this vector at the Bam HI and Sal | sites.
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2.4.1 Isolation of total RNA [rom blood - the AGPC method
Chomezynski et al., 1987

Red cells from whole blood samples were washed x3 in cold isotonic saline
(0.95% NaCl w/v). 5ml aliguots of washed cells were homogenised on ice in a
glass/teflon homogeniser, then two volumes of solution D (section 2.2) were
added and the mixture homogenised a second time at room temperature.
I[lomogenates were transferred to sterile DEPC-treated glass universal tubes
prior to the sequential addition of 0.2 volumes of 2M sodium acetrate (pH 4.0), 2
volumes of I'ris-HCl equilibrated phenol (pH>7.6) (Fisons) and 0.4 volumes of
chloroform: isoamyl alcohol (49:1 v/v), mixing by inversion alter the addition
of each reagent. The samples were vortex mixed for 10 seconds before chilling
on ice for 15 minutes. They were then centrifuged at 10000g [or 20 minutes at
40C, The aqueous RNA-containing phascs were transferred to fresh, sterile DEPC
treated 30ml Corex (TM} centrifuge tubes prior to the addition of two volumes of
isopropanol. The residual interphases and phenol phases containing DNA and
proteins, respectively, were discarded. The samples were centrifuged at 10000g
for 20 minutes at 4°C. The supernatant was discarded carefully and the RNA
pellet dissolved in 100ul of solution D. 10ul of 3M NaOAc (pH 4.8) were then added
and the samples were mixed thoroughly. Two volumes of ice cold ethanol were
added and the samples were mixed belore RNA precipitation at -709C for cne
hour. The samples were centrifuged at 10000g [or 20 minutes at 49C belore
draining off the supernatant. The RNA pcllets were washed with 1ml of cold
cthanol prior to drying under a vacuum. They were then dissolved in
approximately 100pul of sterile DEPC treated distilled water prior 1o storage at
-700C. The concentration of RNA in each sample was estimated by optical
density measurement where 1 Azgg unit indicates a concentration of 40ug of
RNA/ml.

2.4.2 Agarose/formaldehyde gel eclectrophoresis of total RNA
Sambrook et al., 1989

1.5% agarose denaturing gels were prepared as follows:-

0.75g of agarose (BRL-Ultra pure agarose) was placed in a sterile 250ml conical
flask. 30ml of distilled water were added and this was heated in a microwave at
half power until the agarose was completely dissolved. Additional water was
added to give a final volume of 31.1ml 10ml of 5x formaldehyde gel running
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buffer {section 2.2) were added and the mixture was allowed to cool to 60°C
before the addition of 8.9ml of 12.3M formaldehyde solution, giving a final
concentration of 2.2M farmaldehyde. The total volume prior to casting the gel

was 30ml.

RNA samples were prepared as follows:-

4.5ul of RNA solution (containing 10-30pg of RNA} were placed in a sterile DEPC
treated LIppendort tube. 2.0ul of 5x formaldehyde gel running bufler (section
2.2}, 3.5ul of 12.3M formaldehyde and 10pl of dimethylformamidc were added.
The samples were then mixed and incubated for 15 minutes at 63€C, before
chilling on ice. 2pul of sterile, DEPC-treated formaldehyde gel loading buffer
(section 2.2) were added. Prior to loading, the gel was pre-run for 5 minutes at 5
volts/cm. The samples were then loaded and the gel was run at 5-8 volts/cm
until the leading dye front (bromophenol blue) had travelled 2/3 the length of
the gel. The gel was then stained in 1x formaldehyde gel running buffer
containing 0.5pg/ml ethidium bromide for 30-45 minutes before destaining in
distilled water and viewing on a transilluminator.

2.5 First strand cDNA synthesis

First strand cDNA synthesis was achieved by reverse transcription of poly-A
RNA contained in total RNA samples. This involved the use of two different
reverse transcription kits. Synthesis of first strand ¢DNA was monitored to
ensure the effectiveness of one of the kits,

2.5.1 Synthesis of first strand ¢DNA from total RNA using
MoMulV reverse transcriptase

First strand ¢DNA synthesis using a Pharmacia first strand cDNA synthesis kit

In cach case 5Spg of total RNA in a volume of 20ul were used in 33ul reactions.
The recommended protocol was as follows:-

The diluted RNA was heated to 65°Cfor 10 minutes before chilling on ice. 1pl of
bulk first strand reaction mix was then added. The total reaction mixture
contained MoMulV reverse transcriptase, RNAguard (RNase inhibhitor),
0.08mg/mi RNase/DNAse free bovine serum albumin and 1.8mM each dATP,
dCTP, dGTP and dTTP in aqueous buffer (45mM Tris-HCl pH 8.3, 68mM KCI, 9mM
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MgClz}., DTT at a final concentration of 15mM and 0.Zpg of Not I-d(T)18
bifunctional primer were added and the sample was mixed prior to incubation
for one hour at 37°C. The Not I-d(T) 18 bifunctional primer is a hybrid primer
composed of a string of d71 residues and an anchor domain which contains a
Not I restriction site. The completed reaction mixture was heated to 90YC for 5
minutes to denature the RNA-cDNA duplex and inactivate the reverse
transcriptase prior to storage at -20°C for subsequent use in the polymerase
chain reaction (section 2.7.1). This method was also used successfully for
specific synthesis of first strand KEL ¢DNA wusing 40pmol of a 3lmer
oligonucleotide specific for the 3' end of the published KEL nucleotide
scquence.

2.5.2 Synthesis of first strand cDNA from total RNA using AMV
reverse transcriptase

First strand cDPNA was also synthesed using a Promega first strand c¢DNA
synthesis Kkit.

The reverse transcription reaction was prepared by placing lug of substrate
RNA in a sterile Eppendor{ wbe. Reaction constituents were then added to give
[inal concentrations as follows:-

SmM MgCly 10mM Tris-HCI (pH 8.0}, 50mM KCI, 0.1% ‘I'riton X100, 1mM cach
dNTP, 1 unit/pl rRNasin, 0.75 Units/pl AMV reverse transcriptase, 0.05ug/ul
oligo(dT)15 primer and RNase free HO to a final volume of 20pl.

The mixture was incubated at 429C for 1 hour, then heated to 99°C for 5 minutes.
The samples were immediately cooled on ice prior 1o use in PCR (section 2.7.1).

2.5.3 Monitoring reverse transcription

The synthesis of [irst strand ¢cDNA using method 2.5.1 was monitored in order to
determinc the approximate length of the first strand ¢DNA produced. This was
carried out according to manufacturer's instructions. The protocol was as
follows:-

lug of RNA standard or Sug of sample RNA was dissolved in 20ul of RNasc free
H20 and was incubated at 65°C {for 10 minutes prior to chilling on ice. Reaction
constituents were added as detailed in section 2.5.1 then 20uCi of [«-32P) dCTP
(3000CI/mmol) were added and the sample was incubated for 1 hour at 379C. The
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final volume of the sample was adjusted to 100ul by the addition of 65ul of STE
buffer (section 2.2), 100ul of Tris-HCI equilibrated phenol (pH>7.6) (Fisons) were
added and the sample was vortexed prior to centrifugation for one minute at
12000g. This step was repeated using 100ul of chloroform:isoamyl alcohol (49:1
v/v). The upper agueous phase was transferred to a fresh Eppendorf tube for
¢DNA precipitation by the method described in section 2.10. The sample was
redissolved in 10ul of TE buffer (scction 2.2). 2pl of this were clectrophoresed on
a 1% agarose/ I'BE gel (section 2.8). The gel was then placed on a glass plate,
covered with Saran wrap{T™), clamped down and cxposed to X-ray film
{Amersham Hyperfilm} at ~709C for one weck. The gel sandwich was wrapped in
lead to prevent radiation leakage.

2.6 Oligonuclcotide preparation

Oligonucleotides were synthesised by the phosphite-triester method {Atkinson
et al, 1984) and were purchased from the Deparument of Biochemistry,
University of Glasgow; Pharmacia; Cruachem and from the Department of
Biochemistry, University of Bristol. Biotinylated oligonucleotides for use in the
polymerase chain reaction and for subsequent direct sequencing of the PCR
products on Streptavidin coated Dynabeads{TM) (section 2.20.5) were synthesized
at the Beatson Institute for Cancer Research, Glasgow, and at Genosys Inc. in
Cambridge. Some of the cligonucleotide samples were supplied ready for use, but
others required purification prior to use. Details of individual oligonucleotide
primers used in this project can be found in sections 3, 4, 6 and 7.

2.6.1 Ethanol precipitation of oligonucleotide primers
Sambrook et al, 1989

The 500u! oligonucleotide sample was dried under vacuum in an Ippendorf tube
prior to dissolving in 500ul of sterile distilled water. 1/10th of the volume of 3M
sodium acetate (pH 4.8) and 2 volumes of sterile filtered cold ethanol werc added
and the mixiure placed at -709C for 15 minutes. ‘The samplc was centrifuged at
12000g for 10 minutes before carefully draining the supernatant and washing
the pellet with 1ml of cold ethanol. The pellet was dried under a vacuum prior to
dissolving in 50pl of sterile distilled water, The concentration was estimated by
measurement of the optical density at 260nm where an Azgp reading of 1

represents an oligonuclecotide concentration of 33ug/ml.
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2.6.2 Purification of biotinylated oligonucleotide primers using
the oligonucleotide purification column (OPC) desalting
method

Biotinylated oligonucleotide primers obtained from the Beutson Institute for
Cancer Research were incubated overnight at 559C. 300pl of each :
oligonucleotide were dried under vacuum prior to resuspension in 3ml of 0.1M
TTAA and storage on ice. 5Smi of 100% acetonitrile followed by 5ml of 2M TEAA
were passed through the OPC to waste. The 3ml of oligonuclcotide mixture was

passed through the OPC at a rate of 40ul/second. The filtrate was collected and
passed through the column a second time. 15ml of 0.1M TEAA were passcd
through the OPC 10 waste. The pure oligonucleotide primer was eluted dropwise .
with 3 aliquots of Iml 100% acctonitrile and the ecluate was collected in
Ippendorf tubes und dried under vacuum. lach oligonucleotide was dissolved in
S00ul sterile distilled water. 0.5ul and 1.0ul samples of each oligonucleotide were

analysed on a 15% PAGE (section 2.8) to assess biotinylation. The biotinylated .
primer migrates slightly slower than the unbiotinylated form and these can be
seen as two distinct bands on the gel following staining with ethidium bromide,

v i

2.7 Polymerase chain rcaction

The polymerase chain reaction is an extremely versatile technique for the
generation of copies of a target DNA molecule, The products of PCR have many ]
uses. This subsection describes a variety of ways in which PCR has been applied
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in the course of this project.

2.7.1 PCR using first strand c¢DNA as a target

PCR amplification of ¢cDNA involves the enzymatic synthesis of specilic ¢cDNA
target sequences using two oligonucleotide primers which flank the cDNA I
region of interest and hybridize 1o opposite strands. The "upstream” PCR primer
should be complementary to the 3' flanking region of the first strand c¢DNA.
This oligonucleotide will prime synthesis of the second strand ¢DNA. The
"downstream" primer, which is complementary to the 3' flanking region of the

second strand cDNA, is used to prime synthesis of the first strand c¢DNA. ‘

Amplification of the target sequence is achieved by repeating cycles of primer
annealing, extension and denaturation of the extended duplex. This results in
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an increase in the amount of product by 2R alter n cycles have been completed,
assuming the amplification is 100% effective.

The first strand cDNA samples described in section 2.5.1 were used as target
material for PCR. The final amounts or concentrations of PCR constituents were
as follows-

Sul, 10ul or 33pl of first strand ¢DNA reaction product, 56mM KCI, 14.5mM Tris-
HCl (pH 8.4), 2.0mM MgClz, 200pM of each dN'1P, 40pmol each primer, 2.5 units
Tag DNA polymerase and sterile distilled water to 100pl .

The first strand cDNA samples described in section 2.5.2 were used as target
material for PCR. The final amounts or concentrations of PCR constituents were
as follows-

20u! first strand ¢DNA reaction product, 50mM KCl, 10mM Tris-HCL (pH 8.8),
1.5mM MgCiy, 200uM of cach dANTP, 40pmol each primer, 2.5 units Tag DNA
polymerase and sterile distilled water to 100ul .

‘I'he samples were overlaid with 100ul of mineral oil prior to amplification in a
DNA Thermal Cycler (TM) (Perkin Elmer). After heating to 959C for 3 minutes to
denature the RNA-cDNA duplex, they were subjected to 30 rounds of 959C for 1
ntinute, 55°C for 1.5 minutes and 7209C for 1 minute. The samples were
subsequently heated to 72°C for 7 minutes to allow complete extension of chains,
then cooled to 4°C for storage. 10pl of the total PCR products were apalysed on a
1% agarose/I'BL gel with ethidium bromide staining (section 2.8).

2.7.2 PCR using first strand c¢DNA as a target with biotinylated
oligonuclcotide primers

PCR reactions were carried ottt using a first strand ¢DNA as target and one
biotinylated and one unbiotinylated primer. 40pmol of each primer were added
to the 100pl reaction. The concentrations of reaction constituents were as
detailed above for the AMV based revcrse transcription and subsequent PCR
(secdons 2.5.2 and 2.7.1). The final PCR product was analysed by agarose gcl
electrophoresis (2.8).
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2.7.3 Asyvmmetric PCR

Asymmetric PCR rcactions were performed using only one oligonucleotide
primer. The primer concentration used was either 50ng or lpg per 100pud
reaction with 50ng of target DNA [either gcl purified PCR product {(section 2.9)
or double stranded DNA from plasmid clones (section 2.19.1)].

The final concentration of other reaction constituents were as detailed in 2.7.2.
The reaction mixtures were heated to 949C for 3 minutes to denature the double
stranded template. The samples were then subjected to 45 cycles of 940C for 1
minute, S59C for 1 minute and 720C for 20 seconds. Another 2.5 Units of Tag DNA
polymerase were added and the samples were subjected to 10 more cycles of
heating and coaling prior (o a [inal extension at 72°C for 7 minutes. The
samples were cooled to 4°C and 1/10th of the reaction products were analysed by
agarose gel electrophoresis (section 2.8).

2.7.4 PCR using genomic DNA as a target

PCRs were performed using lug of total genomic DNA as a target and 40pmol of
each primer per 100ul reaction. Preparation of total genomic DNA is described
in sections 2.22.1 and 2.22.2. The concentrations of other reaction constituents
were as detailed in 2.7.2. The reaction mixtures were thermally cycled using the
parameters described in section 2.7.1 but using 65°C instead of 55°C {or the
annealing step. The products were analysed on 15% polyvacrylamide gels or by
agarose gel electrophoresis (section 2.8),

2.7.5 PCR using somatlic cell hybrid DNA as a target

PCR reactions with somatic cell hybrid DNA as a target were performed using
0.5-2.5ug of the supplied target DNA (1. C. R, F.) with Iug of each of the
appropriate oligonucleotide primers and other constiluent concentrations as
described (section Z.7.2). The samples were thermally cycled by heating the
samples to 94°C for 3 minutes, then subjecting them to 30 cycles of 949C for 1
minute, 659C for 1 minute and 72°C for 1.5 minutes. A [inal extension at 72°C for
7 minutes was performed prior to cooling 1o 49C prior to gel analysis (section
2.8).
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2.8 Analysis of DNA by gel electrophoresis

DNA of size greater than 150bp can easily be analysed on an agarose gel;
whereas smaller fragments (90bp or less) are best seen on a high percentage
polyacrylamide gel, where separation is more efficient.

Sample Preparation

DNA in a volume of 10ul was added to an lUppendorf tube. 4ul of TE buffer
(section 2.2) and 2ul of TBE loading dyes (section 2.2) were added. The sample
was then spun down briefly at 12000g to collect all fluid and the samples were
loaded onto the gel immediatcly.

Agarose gel electrophoresis
Recipe for a 1% agarose/TBE gel- 100m] gel

lg of agarose (BRL Ultrapure agarose) was added to 90ml of distilled water. It
was then placed in a microwave and heated on half power until the agarose was
completely dissolved. The mixture was allowed to cool prior to the addition of
10ml of TOX'I'BE (section 2.2). This was mixed thoroughly and ethidium bromide
solution was added to a final concentration of 0.5pg/ml. The gel was then poured
into a casting tray and allowed to polymerise before usc,

(N.B. the concentration of agarose in the gel was increased up to 2% to provide
better resolution of fragments smaller than 0.4 kb, or decreased w 0.7% 1o allow
the separation and analysis of [ragments larger than 4 kb).

Gel electrophoresis

The gel was submerged in Ix TBE buffer containing 0.5ug/ml ethidium bromide
(section 2.2). The gel was loaded and electrophoresed at 8-10 volts/cm until the
leading dye front (bromophenol blue) had travelled 2/3 of the length of the gel.
The DNA bands were visualised by UV transillumination and photographed,
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Polyacrylamide gel eclectrophoresis (PAGE)

Samples for analysis by PAGE were prepared as for agarose gel analysis.

Gel Preparation- 15% Polyacrylamide Gel

For an 80ml gel the following constituents were thoroughly mixed prior to
pouring the gel:-

40ml 30% acrylamide solution (acrylamide: bisacrylamide 29: 1), 8ml 10x TBE,
32ml water, 500uf 10% (w/v) ammonium persulphate solution, 80uil TEMED.

The gel was poured and allowed to polymerisc for at least 30 minutes prior to

use.

Gel electrophoresis

Ix TBE was used as the running buffer (section 2.2). The samples were loaded
onto the gel and were electrophoresed at 8 volts/cm until the leading dye front
(bromophenol blue) reached the end of the gel. The gel was then stained [or
one hour in 1x TBE containing 0.Sug/ml ethidium bromide, prior to visualisation
of DNA by UV transillumination and photography.

2.9 Gel purification of DNA

This was achieved by electrophoresis of the DNA samplc through a 0.7% low
melting point agarosc/TAE gel. A 100ml gel was prepared by melting 0.7g of low
melting point agarose (Gibco BRL LMP agarose) in 80ml of water. 20ml of 5x TAE
buffer (section 2.2) were added along with cthidium bromide to a Tinal
concentration of 0.5pug/ml. The samples were prepared by the addition of 2ul of
TAE loading dyes (section 2.2} tv a maximum sample volume ol 28ul. The gel was
then loaded and electrophoresed at 4°9C at 8 volts/cm until the leading dye front
(hromophenol blue) had traveclled 2/3 of the total length of the gel. After
electrophoresis, the required bunds were excised (under brief UV
transillumination) and each band was placed in a pre-weighed Eppendorf tube
{weighed accurately to within 1mg). The tubes and gel were then reweighed to
estimate the gel volume assuming 0.1g of gel is equivalent to 100ul of liquid. The
gel was melted at 65°9C and 1/9th volume of SM NaCl was added. The samples were
mixed thoroughly and returned to 65°C (o ensure the gel was properly melted.
0.5 vaolumes of Tris-HCl equilibrated phenol (pH>7.6) (Fisons) at 65°C were added
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and the sample was vortexed immediately for at least 2 minutes. The mixture was
centrifuged for 10 minutes at 12000g, the aqueous phase was transferred into a
fresh Eppendor( tube and the phenol extraction step was repeated. The agueous
phase was removed and extracted with 0.5 volumes of chloroform: isoamyl
alcohol (49:1 v/v) prior to centrifugation as before. The DNA was then ethanol
precipitated (section 2,10).

2.10 Ethanol precipitation of DNA

0.1 volume of 3M NaOAc (pH 4.8) and 2 volumes of sterile [iltered cold ethanol
were added to the DNA sample. This was placed at -209C for 2 hours to allow
precipitation of the DNA. The sample was centrifuged for 10 minutes at 12000g
at 4°C and the pellet was drained and washed with 1ml of sterile filtered ice cold
ethanol before vacuum drying and resuspension in sterile TE buffer {section
2.2). TE buffer (section 2.2) was added to an aliquot of the sample 10 a maximum
final volume of 28ul. 2pl of TBE loading dyes (section 2.2) were added and the
sample was electrophoresed on a 1%6 agarose/TBL! gel (section 2.8) to cnsure DNA
had been recovered. The amount of DNA recovered was estimated by comparison
of band {luorescence with a known standard.

2.11 Removal of oligonucleotide primers and 7ag DNA polymerase
from PCR products

The removal of excess oligonucleotide primers and unused Tag DNA polymerase
is essential if @ PCR product is to be used as a target for further amplification. or
for direct sequencing of the product. One method for their removal involves the
use of Chroma spin(!M) gel filtration columns (Clontech). Various columns are
available and the one chosen was dependent on the size of the fragment which
was to be recovered, and the size of the contaminants which were to be
removed. The protocol for use of these columns is as follows.

The Chromaspin column matrix was thoroughly resuspended, the caps were
removed and the column drained by gravity flow ifite a microfuge tube. It was
then centrifuged for 3 minutes at 700g. The spin step was repeated after
discarding the filtraie. The PCR product (75-100ul} was caretully loaded onto the
column and spun at 700g for 5 minutes. The eluate contained the purilied PCR
product. A sample of the purified DNA was analysed on a 1% agarose/IBE gel
(section 2.8) to confirm the removal of the primers. The concentration of
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purified product was calculated by measuring the absorbance at 260nm (Azg0 =

1 indicates an approximate concentration of double stranded DNA of 50ug/ml).
2.12 Restriction cndonuclease digestion of PCR products

Restriction enzymes can be used to cleave double stranded DNA at pre-defined
sites, thus allowing positive identification of products of the expected size
where the sequence is alrecady known. One Unit of restriction enzyme activity is
defined as the quantity of enzyme required for the complete digestion of lug of
A DNA in one hour under the correct buffer and temperature conditions for the
chzyme, In practice, scveral fold excess of cnzyme was normally used to ensure
complete digestion of the sample.

The restriction digest reaction:-

The required quantity of DNA for digestion (100-500ng of PCR product or up to
tug of genomic DNA) was added to an Eppendorf tube in a volume of less than
17.5pl. 2ul of 10x restriction enzyme bulfer (this buffer is specific for each
restriction enzyme) were added with the particular restriction enzyme (5 Units
for PCR products or up to 60 Units for genomic DNA) and distilled water to give a
final volume of 20ul. The mixture was incubated at the appropriate temperature
for the enzyme for two hours prior to the addition of 2ul of 1TBL loading dyes
{section 2.2) and analysis on a 2% agarose/TBE gel (section 2.8).

The size of each band generated by restriction enzyme digestion was estimated
by measuring distances ol migration relative to DNA markers of known size
(1kb DNA ladder-Gibco BRL Inc.) and interpolating the distance on a graph of
log1p marker size versus distance migrated for these. The distance migrated by
bands which result from the experimental digests can be measured and
compared to this standard curve to allow size estimation. Restriction digests cun
be used to excise fragments which have been cloned into a plasmid via
restriction enzyme sites. Total genomic DNA and plasmid DNA can also be
digested by this method using larger relative volumes.

gt
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2.13 Purification of PCR products for cloning inte plasmid
vectors

PCR products were cthanol precipitated as described in 2.10. The sampies were
resuspended in 30pul of TE (pH 7.6) (section 2.2). 2ul of the resuspended material
was analysed on a 1% agarose/TBE gel (scction 2.8) after the addition of 18ul TE
butfer (scction 2.2) and 2ul of TBE loading dyes (section 2.2). The remainder of
the samples were then gel purified on a 0.7% low melling point agarose gel
{section 2.9).

2.14 Ligation of enzyme digested PCR products into plasmids

Restriction enzyme digests of 500ng of each plasmid vector were carried out as
described in section 2.12.

The ligation reaction mixtures were as follows:-

S0ng of digested plasmid vector and 50ng of similarly digested PCR products
were mixed in a sterile Eppendort tube, 2pl of 10x ligase buffer (section 2.2) and
05pl T4 DNA ligase enzyme (Promega) were added and the total volume was made
up to 20pl with sterile distilled water. The mixtures werc centrifuged briefly to
collect the fluid prior to incubation at rocom temperature for 18-24 hours to
allow ligation to take place. Controls included digested plasmid with no PCR
product.

2.15 Preparation of 1L-AMP plates with X-gal and PTG

To prepare twenty plates of 90mm diameter, S00m! of L-broth were prepared
(section 2.2}. 7.5g Bacto agar were then added. This was autoclaved for 15-2Q
minutes and the broth was allowed to cool to 60°C prior to the addition of
ampicillin to a final concentration of 50ug/ml. X-gal (Promega) and IPTG
(Promega) were added, eacl to a final concentration of 50pg/ml. The broth was
mixed thoroughly prior to pouring 25ml into each plastic dish. The surface of
the agar was flamed before replacing the lid. The agar was allowed to set at
room temperature. The plates were then stored at 4°C and dried at 379C before
use.

R o)
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2.16 Preparation of competent L coli cells and transformation
with plasmid DNA
Sambrook et al,, 1989

A single colony of XL1-Blue E. coli cells (Stratagene) was picked from a
glucose/minimal medium plate (section 2.2) and incubated at 379C overnight
with vigorous shaking in Sml of 2x YT medium (section 2.2), containing
10pg/ml tetracycline. 40ml of 2x YT medium (in a sterile 250ml flask) were
inoculated with 400ul of the overnight cuiture. The mixture was returned to a
shaking incubator for 2-4 hours until the Agsg was 0.6-0.7. The culture was
then centrifuged at 1500g for 5 minutes at 4°C. The cells were kept on ice from
this point onwards. The supernatant was discarded and the cells resuspended in
20ml] of sterile, ice cold 50mM CaClz. They were then left on ice for 20 minutes
prior to centrifugation at 1500g for 2 minutes at 49C, The supernatant was
discarded and the cells resuspended in 4ml of cold, sterile 50mM CaClz. The
competent cells could be used directly for transformation. Towever, the
efficiency of transformation obtained was increased if the cells were stored on
ice for several hours before use. After 24 hours the efficiency of
transformation begins to decrease. Using a cold, sterile pipette tip, 200ul of the
competent cells were transferred to each of the required number of sterile
Eppendorf tubes. 1ul or 4ul ol the ligation mixture (section 2.14) were added to
each tube. The contents of the tubes were mixed by gentle swirling and stored
on ice for 30 minutes. Controls were included i.e. competent cells with no
plasmid and competent cells with undigested plasmid. The mixtures were placed
in a 420C water bath for 90 seconds without shaking. The tubes were then
transferred rapidly to an ice bath and chilled for 1-2 minutes. 800ul of 2x YT
medium were added prior to incubation at 37°C for 45 minutes, to allow the
bacteria to recover and to express the antibiotic resistance gene encoded on the
plasmid. The wubes were centrifuged briefly in order to pellet the cells and 800ul
of the supernatant were discarded. The samples were mixed briefly on a vortex
mixer to resuspend the cells prior to transferring them to L-amp plates
containing X-gal and IPTG (section 2.15). The cclls were spread evenly over the
surface of the plate using a cell sprecader. The plates were then inverted and
incubated at 37CC. Colonies usually appeared after 12-16 hours.
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2.17 Culture and purification of transformed cells

White colonies from the plates of transformed cells were purified by scraping
them from the plates using a sterile wire loop, streaking onto I-amp plates and
growing at 379C overnight. The plates can then be stored for a period of up to 4
weeks at 40C

2.18 Storage of transformed cells in glycerol
Sambrook et al.,1989

Sml of L-broth (section 2.2) containing ampicillin (50pg/ml) was inoculated
with a colony of the appropriate transformed cells from a plate (scction 2.16)
and cultured overnight at 37°C with mixing at 250 rpm. (.15ml of sterile
glycerol was added to 0.85ml of E cali overnight culture. The sample was voriex
mixed to ensure that the glycerol was evenly dispersed. The culture was
transferred to a labelled storage tube and frozen in ethanol/dry ice or in liquid
nitrogen prior to long term storage at -70°C

To recover the bacteria, the {rozen surface of the culture was scraped with a
sterile inoculating ncedle and the bacteria that adhered to the needle were
streaked immediatlely onto the surface aof an LB agar plate (section 2.2)
containing the appropriate antibiotics. The plate was then incubated overnight
at37°C.

2.19 Plasmid preparation

Plasmid preparations can be carricd out on small, medium or large scale. 'This
sub-section describes the techniques used for small and medium scale
preparations.

2.19.1 Plasmid preparation - miniprep
Birnboim et al, 1979

1.5ml ot a Sml overnight culture of transformed cells in L-broth plus ampicillin
was transferred to a sterile Eppendor( tube and the cells were pelleted by
centrifugation at 12000¢g for 10 minutes. They were rcsuspended in O.1ml of
solution A (section 2.2) then left on ice for 30 minutes before the addition of
200pl of solution B (section 2.2). They were then incubated on ice for 5 minutes.
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When the mixture became clear, 150ul of 3.0M NaOAc (pH 4.8) (section 2.2) were
added and the sample left on ice for 30 minutes to precipitate chromosomal DNA
and proteins. The mixture was centrifuged at 12000g for 10 minutes belore
transferring the plasmid containing supernatant to a fresh Eppendorf. 1ml of
cold ethanol waus added in order 10 precipitate the nucleic acids and the tube was
stored at -200C for 30 minutes. The nucleic acids were then pelieted by
centrifugation at 12000g for 10 minutes, rinsed with ice cold ethanol and dried
under a vacuum. The sample was then redissolved in 25ul of TE buffer (section
2.2). Aliquots were analysed by gel clectrophoresis (section 2.8) to confirm the
presence of plasmid. The samples can be digested with restriction enzymes
(section 2.12) to ensure the presence of insert in the plasmid.

2.19.2 Plasmid preparation - midiprep

In order to carry out chromosome mapping experiments by in situ
hybridization, a midiprep of plasmid clonc was prepared and purified using a
Qiagen 100 column (Qiagen Inc.). This was carried out according to the

manufacturer's recommendations (Qiagenologist 3rd Edn.):-

A 20ml overnight culture of F. coli containing the plasmid clone was grown in
T broth (section 2.2) containing 50pg/ml ampicillin. The overnight culture was
centrifuged at 1400g for 10 minutes at 4°2C and the supernatant was discarded.
The bacterial pcllet was resuspended in 4ml of buffer P1 (section 2.2). 4ml of
buffer P2 (section 2.2) were then added and the sample was mixed by inversion
prior to incubation at room temperature for 5 minutes. 4ml of buffer P3 (section
2.2) were added and the sample was mixed immediately by inversion. The sample
was then centrifuged at 30000¢g for 30 minutes at 49C. The supernatant was
removed promptly and centrifuged again at 30000g for 20 minutes at 4°C in
order to obtain a particle free lysate. A Qjagen tip 100 (Qiagen Inc.) was
equilibrated with 3ml ol buffer QBT (scction 2.2) and allowed to emply by
gravity flow. The particle free Iysate was then loaded and allowed to enter the
resin by gravity flow. The tip was washed with 10mi of butfer QC (section 2.2).
The DNA in the eluate was then precipitated with 0.7 volumes of isopropanol
(equilibrated to room temperature} and pelleted by centrifugation at 40C for 30
minutes at 30000g. It was then washed with 70% ethanol, air dried and
redissolved in 100ul TE (pH 7.6) (section 2.2).
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2.20 Sanger dideoxy sequencing

Several adaptations have been made 1o the original protocol for Sanger dideoxy
sequencing to afford it more flexibility with respect to recently developed
molecular biology techniques (Sanger et al, 1977). In this sub-section several,
of these variations used in this research are described.

2.20.1 Preparation of single stranded DNA from XL1-Blue
transformants {or use in sequencing
Blondel et al,, 1991

S0ul of 2x YT medium (section 2.2) in a sterile Eppendorf tube were inoculated
with a colony [rom a plate of the appropriate phagemid transformant. This was
vortexed briefly to resuspend the cells. 1yl of high titre phage stock (= 1010
plague forming units/ml M13K07 helper phage-Promega) was added to the cells
and these were incubated for 15 minutes at room temperature. 500ul of 2x YT
medium containing ampicillin (150pg/ml) were added and the mixture
incubated at 37°C with shaking (250 rpm) for 60-75 minutes. 200ul of the ccll
mixture were transferred to 4ml of 2x YT medium containing kanamycin
{75ug/ml) and ampicillin (150pg/mi). The tube was incubated for 18-21 hours at
370C with shaking (250 rpm). After incubation, the cells were precipitated by
centrifugation. The supernatant was transferred to a fresh tube and the
phagemid was precipitated from the supernatant by the additon of 200ul 20%
PEG 6000/2.5M NaCl per 1.3mli of supernatant with incubation lor 2-3 hours at
room temperature. The DNA was sedimented by centrifugation at 12000g for 10
minutes and, after discarding the supernatant and washing in ethanol, the DNA
was dried under a vacuum and resuspended in 100ul of TE bulfer (pH 7.6)
(section 2.2). The DNA was purified by cxtraction with 50ul of Tris-HCI
equilibrated phenol {(pH>7.6) (T'isons) followed by 50ul of chloroform: iscamyl
alcohol (49:1 v/v). It was then ethanol precipitated (section 2.10). The pellet was
then dissolved in 50ul of TE (pH 7.6) (section 2.2). Sul of this werce examined on a
1% agarose/TBE gel (section 2.8).
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2.20.2 Dideoxy sequencing of single stranded DNA using
Sequenase Version 2.0 (TM)

Preparation of sequencing gel:-

42¢ of urea were added to 15m) of 40% stock acrylamide solution (acrylamide:
bisacrylamide 19: 1) (NBL). 10ml of 10x TBE buffer (section 2.2) were added and
the total volume was made up to 100m! with water. 600ul of freshly preparcd
ammeonium persulphate solution (10% w/v) were added with 100ul TEMED (BIDH).
The solution was mixed thoroughly before pouring the gel. The gel was then
allowed 1o polymerise for at least 30 minutes before use.

Preparation of samples for sequencing was carried out in accordance with
manufacturer’s instructions.

Annealing mix-

Sul (3-5pg) of single stranded DNA prep

2pl H20

2ul of Sequenase 5x buffer (200mM Tris-HC] pH 7.5, 100mM MgClz, 250mM NaCl}
Ipl of universal primer or specific sequencing primer {0.5pmol per reaction)

This mixture was placed in a water bath at 65°C for 5 minutes. The bath was then
switched off and allowed 1o cool until it had reached 400C. The samples were
then stored on ice. While the annealing rcaction was cooling, 2.5ul of each of
the four termination mixtures (each containing 80uM cach dNTP, 8uM of the
specific ddNTP and 50mM NaCl) were added to appropriately labelled tbes.
These were placed at 379C to allow the mixture to warm. The labelling mix was
diluted 5 fold in sterile distilled water to provide the working concentration and
stored on ice until use. The Sequenase cnzyme (Version 2.0) was diluted 8 fold in
enzyme dilution buffer (10mM Tris-HCI pH 7.5, 3mM DTT, 0.5mg/ml BSA) and
stored on ice until required.

Reagents were added to the annealed DNA mixture in the following order:-
Tul0.1MDTT, Zpd diluted labelling mix, 0.5ul [o 358} AATP 600Ci/mmol, 2ul diluted
Scquenase Version 2.0.

The contents of the tubes were then mixed and incubated for 5 minutes at room

temperature.
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Termination Reaction

35pl of labelling rcaction were transferred (o each of the four pre-warmed
termination mixture tubes. These were incubated at 37°C for 5 minutes after
briel centrifugation to mix the fluids. The reactions were stopped by the
addition of 4pl of stop solution (95% formamide, 20mM NazEDTA, 0.05% w/v
bromophenol blue, 0.05% w/v xylene cyanol FF) and brief centrifugation to mix
the fluids at the base of the Eppendorf tubes. The samples were placed at 959C
for 2 minutes before loading 2pl-4ul of each sample onto the gel to separate the
DNA double sirands.

Denaturing Gel Electrophoresis

Before loading the samples, the gel was pre-run for approximately onc hour at
50W to allow the gel to heat. Heating the gel is important in order to keep the
DNA denatured and facilitates better resolution of DNA single strands. The
running buffer was 1x TBE buffer (section 2.2). Thec gel was loaded and
electrophoresed for 2 hours or 5 hours before fixing for 20 minutes in 109%
acetic acid/109% methanol. The gel was then removed from the fixing solution,
drained and attached to Whatman 3MM paper prior to drying under vacuum for
approximately one hour with heating (800C). Once the gel was completely dry it
was exposed to X-ray film (Amersham Hyperfilm) for up to one week before
developing.

2.20.3 Dideoxy sequencing of cloned, double stranded DINA
using Sequenase Version 2.0 (TM)

Double stranded DNA was prepared by the Qiagen tip 100 midiprep method
{section 2.19.2). A sample ol this double stranded DNA was used for sequencing
using the Sequenase Version 2.0 sequencing kit. The protocol followed was from
the "sequencing double stranded DNA" section of the Sequenase booklet. Sng of
sample DNA were made up to a volume of 10ul with sterile distilled water, 10u] of
0.4M NaOIl/0.4M Naz2EDTA were then added. This mixture was incubated at 379C
for 30 minutes prior to neutralisation with 2ul of 3M NaOAc (pH 4.8). The DNA
was precipitated at -70°9C for 30 minutes after the addition of 50l of cold
ethanol. It was sedimented by centrifugation, drained and rinsed with 70%
ethanol prior to drying under a vacuum. ‘The pellet was then dissolved in 7ul of
sterile distilled water and 2pl Scquenase reaction buffer plus 0.5pmol of
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Universal or Reverse Universal sequencing primer were added. 'The subsequent
steps were exactly the same as those for sequencing single stranded DNA using
the Sequenase kit (section 2.2().2).

2.20.4 ATaq DNA polymerase cycle sequencing of double
stranded DNA

The delta Tag cycle sequencing kit (USB) protocol was used without
modification. This was as follows:-

delta fag DNA polymerase Version 2.0 was diluted 8 fold in ice cold enzyme
dilution buffer (10mM Tris-HCl pH 8.0, 1mM 2-mercaptoethanol, (0.5% Tween-20,
0.5% Nonidet P-40) and stored on ice. A singlc labelling reaction was then
performed for each sample by the addition of 0.3pmol Universal primer to 0.1pg
plasmid DNA in a sterile Eppendorf tube. 2ul of reaction buffer (260mM Tris-HCI
pH 9.5, 65mM MgCl»), 1ul of dGTP cycle mix, 1pl dCTP cycle mix, 0.5ul of [«-358]
dATP 600Ci/mmol, 2ul of delta Tag Version 2.0 (diluted 1/8) and 5ul of H30. The
samples were overlaid with 15ul of mineral oil and were cycled 45 times at 95°C
for 15 seconds and 60°C for 30 seconds.

Termination Kcactions

4ul of cach of ddGTP, ddCTP, ddATP and ddTTP (15uM each dNTT and 300uM the
specific ddNTP) were added to appropriatcly labelled tubes. These were stored
until the labelling reactions were complete. 3.5ul of labelling mix were then
transferred to ecach of the four tubes containing termination mixes. The
solutions were then mixed and overlaid with 100ul mineral oil. The samples
were then subjected to 45 cycies of 259C for 30 seconds and 729C for 2 minutes.
When cycling was complete, 4ul of stop solution {95% formamide, 20mM
NazEDTA, 0.05% bromophenol blue, 0.05% xylene cyanol FF) werc added to each
termination reaction. The samples were then heat denatured and
electrophoresed as described in section 2.20.2. The resulting gel was exposed to
X-ray film (Amersham Hyperfilm) for four days before developing.

2.20.5 Sequencing of Dynabead immobilised biotinylated PCR
products

PCRs were carried out as described in section 2.7.2 and they were then used in
direct sequencing. PCR products were ethanol precipitated (section 2.8) and
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resuspended in 80pl of TE (pH 7.6} (section 2.2). 40pl of this product were then
used to sensitise 20ul of Dynabead suspension (Dynal Inc,) according to the
Dynal protocol as follows:-

A tube containing 20ul of Dynabeads M-280 Streptavidin{™) (10ug/ul) was
placed in the magnetic particle concentrator (MPC) and the supernatant
removed with a pipette while keeping the tube in the magnet. The beads were
resuspended in 20ul of 1x BW buffer (section 2.2) and mixed gently. The
supernatant was removed as before. 40ul of the prewashed beads were added to
40ul of the PCR amplified product and incubated for 15 minutes at room
temperature with mixing. The tube was placed in the MPC and the supernatant
removed. The beads were washed with 40pl of 1x BW bufler and resuspended int
8ul of freshly prepared (0.1M NaOH. This was incubated at room temperature for
10 minutes, The tube was placed in the MPC and the NaOH removed. The beads
were washed once with 50pl 0.1M NaOH, once with 40ul 1x BW buffer and once
with 50ul TE buffer (section 2.2). The supernatant was removed and the beads
were resuspended in 17ul H2O. 8.5u) of this were used for sequencing by the

Sequenasc method (section 2.20.1).

The NaOH-denatured, unbiotinylated complementary strand was ethanol
precipitated (section 2.10) and resuspended in 10ul of TE (pH 7.6} (section 2.2).
This was analysed on a 1% agarose/TBE gel (section 2.8) to confirm that
dissociated single strands had been recovered.

2.20.6 Automated scquencing of DNA

This technique involved the use of the Tag DyeDeoxy Terminator Cycle
Sequencing Kit (Applicd Biosystems Inc.) and the Applied Biosystems Model
373A automated sequencer. Automated sequencing was performed according 1o
the manufacturer’s instructions. Reaction mixes containing targei DNA and
secquencing primer in the quantities shown below were prepared in a total
volume of 10.5ul.

single stranded DNA target
Sul of 100ng/pl single stranded DNA + (.8pmol primer

double stranded DNA target
Spl ol 200-250ng/pl double stranded DNA + 3.2pmol primer




77

PCR product target
40ng of PCR product + 3.2pmol primer

9.5ul of reaction mix were then added to the sample. The reaction mix is supplied
by ABI (Applied Biosystems Inc.) and sufficient mix for one sample contains 4ul
5x TACS buffer (400mM Tris-HCI pH 9.0, 10mM MgCl, 100mM (NH4)2804), Lul
dANTP mix (750 pM dITP, 150pM dATP, 150uM dTT¥, 150sM dCTP), 1ul of each
dyedeoxy terminator (ddATP, ddGTP, ddTTP, ddTP) and 0.5ul AmpliTag DNA
polymerase (8U/ul). The 20ul sample was then overlaid with 40pl of mineral oil
and placed in a pre-heated thermal cycler at 969C. The samples were then
thermally cycled using 25 rounds ol 96°C for 30 seconds, 309C for 15 seconds
and 60°C for 4 minutes. The samples were then cooled rapidly to 40C,

After cycling, 80pl of H20 were added to the sample prior to centrifugation at
12000g for 10 minutes. The sample was removed from under the oil and 2
phenol/chloroform extractions were carried out to remove excess dye. The
sample was then ethanol precipitated (section 2.10) and dried under a vacuum
prior to resuspension in 4ul of deionised formamide and heating to 95°C for 2
minutes. The sample was then loaded onto an appropriately prepared
sequencing gel {section 2.20.2).

2.20.7 Use of sensitized Dynabeads for automated sequencing

This was carried out according to the Applied Biosystems User Bulletin number
21. 20pl of Dynabeads M-280 Streptavidin (Dynal) were translerred to an
Eppendorf tube and placed in the MPC. The supernatant was removed and the
beads were washed in 1 volume of TTL buffer (section 2.2). They were then
resuspended in 1 volume TTL buffer. The biotinylated PCR products (section
2.7.2) were bound onto the beads by adding 20wl of the washed beads to each
40ul of PCR product, followed by incubation for 15 minutes at 37°C. The beads
were then washed twice in 100ul of TT buffer (section 2.2). The liquid was
removed, the beads resuspended in 100ul 0.15M NaOH and incubated for 5
minutes at room temperature to denature the double stranded PCR product. The
supernatant was removed. The beads were then washed bricfly in 0.15M NaOH
and neuiralised by washing twice in 100ul TT bufler. The beads were then
resuspended in 20ul ol distilled water and 10ul seusitised Dynabeads were mixed
with 1.5u] of 0.5pmol/ul sequencing primer. This was then used for automated
sequencing as described in section 2.20.6.
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2.21 in situ hybridization

This procedure was carried out at the Duncan Guthrie Institute for Medical
Genetics, Yorkhill, Glasgow.

I’robe labelling by nick translation (BRL nick translation kit )

The following reagents were added sequentially to an Eppendorf tube:-

Sul BRI kit solution A4 (section 2.2), lpg of DNA to be labelled, 2.5u1 0.4mM
Biotin-11-dUTP and water to make the volume to 45ul. 5pl of solution C (section
2.2} were added and this was mixed and incubated for 90 minutes at 15°C. The
reaction was stopped by the addition of 5ul of solution D (section 2.2). The probe
DNA was then precipitated by the addition of 4.6ul 3M sodium acetate (pH 5.2),
1ul 20pg/pl glycogen and 122ul iced ethanol, and the sample was vortex mixed.
This was then centrifuged for 30 minutes at 12000g. The supernatant was
removed and the pellet dried under vacuum. 10xl TE bulfer (section 2.2) were
added to give a final probe concentration of 100ng/ul. The sample was then
vortex mixed and centrifuged briefly, before incubating atr room temperature
for 2 hours. Occasional vortexing and centrifugation were performed to ensure
solution of the pellet, prior to storage at -200C

Chromosome banding

Chromosome metaphase spreads were preparcd on glass microscope slides by
standard cytogenetic methods. The chromosome spreads were treated with 1%
Lipsol for 10-15 seconds and rinsed with saline (0.95% w/v). 1: 4 (v:v)
Leishmann's stain in pH 6.8 buffer was added for 2.5 minutes, then the samples
were rinsed with pH 0.8 buffer. After banding, the slides were mounted in
buffer, blotted dry and photographed. Well-banded and -spread metaphases
within 20 Vernier scale units along the slide length were chosen for
hybridization (this represents an area ol approximately 2cm?). These areas on
the slides were marked with a diamond pencil. The slides were soaked in buffer
until the coverslip could be removed and they were then destained in a 509,
70%, 90%, 1% ethanol series, and air dried.
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Slide preparation {Cambio chromosome painting kit)

Fresh slides were prepared from 3:1 methanol:acetic acid fixed preparations and
air dried. A 2cem? area was selected and marked for hybridization. The
chromosomes were fixed for 1 hour in 3:1 methanol:acetic acid {(v/v) and air
dried. They were then dehydrated by serial ethanol washing (70%, 70%, 209%,
20%, 100%) and dried overnight at 429C. The appropriate volume of paint was
denatured (15pl per slide) by incubation at 630C for 10 minutes. The paint was
transferred to a waterbath at 37°C and incubated for 1 hour. Meanwhile, the
chromosomes on the slides were denatured by incubation in 70% (w/v)
formamide in 2x SSC (section 2.2) at 659Ctor 2 minutes. The chromosomes were
then quenched in ice cold 70% ethanol and dehydrated using ethanol as above,
befare air drying. 15ul of probe were pipetted onto each slide. The slides were
overlaid with a 22x22mm coverslip, sealed with cow gum and incubated
overnight at 420C,

Detection

300ml of wash solution A were prepared {(100ml 2x SSC (section 2.2), 250u1] Tween
20, 25g dried skimmed milk) and centrifuged at 400g for 10 minutes. Three
Coplin jars of formamide: 2x SSC (1:1) were prewarmed at 42°C, The dried cow
gum was carefully removed from the slides and they were rinsed in the first
jar of Z2x SS8C. The slides were washed twice by incubating for 5 minutes at 420C
in each of the two jars containing formamide: 2x SSC (1:1), followed by two 5
minute washes at 420C in each of the two jars containing 2x SSC. They were then
incubated in wash solution A at 37°C for 30 minutes. Meanwhile, a 500 fold
dilution of detection layer 1 (fluorescein avidin 2Zmg/mi (Sigma)- 0.25% in wash
A) and a 250 fold dilution ol detection layer 2 {biotinylated anti-avidin 2mg/m!
(Sigma)- 0.25% in wash A) were prepared. These were incubated at room
temperature for a minimum of 10 minutes, centrifuged for 10 minutes at 12000¢
and the supernatants were retained for use. After the slides had been incubated,
100ul of the diluted detection layer 1 were pipetted onto the stides and they were
covered with a glass 32x22mm coverslip. These were incubated at 37°C for 15-20
nminutes in a humidified box. The slides were then washed three times in wash
solution A at 42°C for 5 minutes. Detection layer 2 was added and the slides were
incubated at room temperature for 15-20 minutes in a humidified box. They
were then washed twice in wash solution A at 420C for 5 minutes. The slides
were again incubated with diluted detection layer 1 at room temperature for 15-
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20 minutes in a humidificd box and were then rinsed twice in wash solution A at
420C for 5 minutes. They were then rinsed twice in 4x SSC (section Z.2) plus
0.05% (v/v) Tween 20 for 5 minutes at room temperature. lul of counterstain 1
(DAPI (Sigma) 40pg/ml diluted 1/50 in Citifluor AF1) was further diluted with
9l of distilled water. 1pl of counterstain 2 (PI (Sigma) 20pg/ml diluted 1/50 in
Citifluor AF1) was further diluted with 49pul of distilled water. 6ul of diluted
counterstain 1 and 6ul of diluted counterstain 2 were then added to 200p) of
mountant. The slides were dehydrated using an ethanol series, air dried and
mounted by adding Z0ul of the mountant/counterstain mixture. They were
overlaid with a 32x22mm coverslip and sealed with nail varnish. Slides can be
stored in the dark at 49C and viewed using standard epifluoresence filters for
FITC and for counterstains (propidium iodide).

2.22 Precparation of total genomic DNA

2,22.1 Isolation of total genomic DNA from whole blood [
Herrmann et al,, 1987

30ml of lysis buffer (section 2.2) were added to 10ml of anticoaggulated whole
blood in a sterile 50ml plastic tube. The sample was stored on ice for 15 minutes,
with occasional gentle shaking. The mixture was then centrifuged for 10
minutes at 650g in a table top centrifuge. The supernatant was discarded, the
pellet resuspended in 10m! of lysis buffer and stored on ice for 5 minutes. The
centrifugation step was repeated and the resulting pellet was washed once with
S5ml of lysis buffer and resuspended in 4.5ml of 75mM NacCl, 25mM NazEDTA (pH
8.0). To the homogeneous suspension, 0.5ml of proteinase K (10mg/ml) and
0.25ml 20% SDS were added at room temperature. The tube was mixed gently and
incubated at 37°C overnight on a slowly rocking platform. This gave a clear
solution after proteinase K digestion. It was transferred inte a flat sided glass
bottle with a tight cap and and 20ml of Tris-HCl equilibrated phenol (pH>7.6)
(Fisons) was added. The bottle was placed on a rocking platform for 1-3 hours at
room ltemperature. The mixture was centrifuged in a sterilec 50ml plastic tube in
a table top centrifuge for 10 minutcs at 1500g to separate the phases. The lower
phenol phase was removed and discarded. The DNA containing agueous phase
was transferred to a Corex (M) tube and centrifuged at 7500g for 20 minutes at
250C (to avoid precipitation of the SDS). Protein and undissolved materials were
precipitared. The homogeneous supernatant was then dialysed twice, for 6
hours, against TE (pH 7.6) (dilution factor 1000) first at room temperature 1o
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avoid SDS precipitation, secondly at 40C. After dialysis, 0.8 volumes of propanol
and sodium acetate (pll 6.5) to a final concentration of 0.3M were added. The
tube was inverted gently and repecatedly and the precipitate of DNA was spooled
outl and washed sequentially in 70%, 80%, 90%, and 1009% ethanol. The DNA was
air dried for 5 minutes before dissolving in TE buffer (pH 7.6) (section 2.2).

2.22.2 lsolation of total genomic NNA from whole blood i
Miller et al, 1988

10! of fresh whole blood were added to 40ml of blood lysis buffer (section 2.2),
The mixture was centrifuged at 1200g for 10 minutes at 4°C. The supernatant
was discarded and the tube was allowed to stand for 1 minute to allow drainage
of residual liquid. The cell pellet was gently resuspended in 3ml of nuclear lysis
buffer (section 2.2). 200ul of 10% SDS solution and 100ul of proteinase K
(10mg/mli} were added and the mixture was incubated at 379C for 18-24 hours.
After incubation, Iml of SM Na(Cl was added. The mixture was then extracted
twice with an equal volume of Tris-1IC]l equilibrated phenocl {(pH>7.6) (Fisons)
(v/v) and once with chloroform: isoamyl alcohol (49:1 v/v). 2.5 volumes of ice
cold ethanol were then added to the supernatant and the DNA was spooled out.
The DNA was then washed in 100% ethanol before drying and resuspension in
100pl 1E buffer (section 2.2). The concentration of the DNA was estimated by
A260 measuremenc.

2.23 Southern blotting
Southern, 1975, Sambrook et al., 1989

2.23.1 Blot preparation

10ug total genomic DNA were digested overnight at 379C with approximately 60
Units of each restriction enzyme in a final volume of 100pl (section 2.12). 10ul
of the mixture were then used to digest lug lamnbda DNA (Gibco BRL) for 90
minutes at 37°9C to confirm sufficient enzyme activity remained to allow
complete digestion of the total genomic DNA, Confirmation of the completion of
the A DNA digestion was on a 19 agarose/TBE gel (section 2.8) after the addition
of 2ul 'TBE loading dyes to the sample (section 2.2). The digested total genomic
IDNA was electrophoresed on a 1% agarose/TBE gel (section 2.7.6). 2ug cquivalent
of the starting DNA (i.e. 20ul of digest) were loaded in each track. After
electrophoresis, the gel was soaked in 0.2M HCI for 10 minutes to nick the DNA
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by depurination. The gecl was washed bricfly in deionised water prior to
denaturing the DNA by soaking the gel for 45 minutes in 1.5M NaCl/ 0.5M NaOH
with gentle aggitation. The gel was rinsed in deionised water beflore
neutralising for 30 minutes in 1M Tris-HCl (pH 7.4), 1.5M NaCl at room
temperature with mixing. The bufler was then changed to a fresh solution and
the gel was soaked for a further 15 minutes, While the gel was neutralising, a
piece of Whatman 3MM paper was placed over an inverted gel casting stand
(the paper must overhang at both ends). This was placed in a large plastic box
and 10x SSC (section 2.2) was poured into the box until the level of the liquid
almost reached the top of the support. When the 3MM paper was thoroughly
dampened, air bubbles were smoothed out with a glass rod. A piece of Hybond N+
(Amersham) nylon filter slightly larger thun the gel was cut and dampened in
deionised water. The filter was then immersed in 2x §SC (section 2.2) for at least
3 minutes. The gel was removed from the neutralisation solution and inverted.
It was placed on the support and centred on the wet 3MM paper, making sure
that there were no air bubbles. Parafilm (™) was placed around the gel to
prevent liquid flowing directly from the reservoir to the paper towels placed on
top of the gel. The wet nylon filter was placed on top of the gel making sure
there were no air bubbles. Two pieces of 3MM paper, cut to the same size as the
gel, were soaked in 2x SSC (section 2.2) and placed on top of the wet filter. A
stack of paper towels (5-8cm high) were then placed on top. A glass plate was
placed on top of the towels and weighed down. This was left for 18-24 hours. At
the end of this time, the paper towels and upper 3MM paper were removed. The
filter was then removed and the position of the gel slots was marked with a
pencil. The filter was rinsed in Sx SSC (section 2.2) for a maximum of 1 minute,
The membrane was then transferred onto dry 3MM paper to allow it to air dry
prior to storage at -20YC in an air tight bag.

2.23.2 Probe preparation

Qiagen plasmid minipreps (section 2.19.2) were used for preparation of a
labelled DNA fragment for probing the blot described in 2.23.1. The fragment o
be used as the probe was cxtracted from a plasmid clone by restriction enzyme
digestion using Bam HI and Sal I (section 2.12). The resulting fragment was gel
purified on a (.79 agarose gel (section 2.13). The gel band containing the probe
fragment was labelled dircctly in the gel using the Megaprime DNA labelling
system (Amersham Inc.). The protocol for the labelling step was as follows:-
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The excised gel band was placed in a preweighed Eppendorf tube and water was
added at a ratio of 3ml H20 per gram of gel. This was placed at 1009C for 3
minutes in order to melt the gel and denature the double stranded DNA. 25ng of
the probe were then transferred o a fresh Eppendor! tube in a maximum
volume of 25pl. Sul of the supplied primer (random nonamer primers in
aqueous solution - details of concentration not supplied) were then added and
the volume was made up to 33ul by the addition of sterile distilled water. This
was then denatured [or 5 minutes ai 1000C, 10ul of Megaprime labelling buffer
solution 2 (section 2.2}, 50uCi of 32P dCTP (3000Ci/mmol} and 2ul of enzyme
solution 3 (section 2.2) were then added, giving a final volume of 50ul. This
labelling reaction was incubated at 37°C for 30 minutes. The reaction was
stopped by the addition of 5ul (.2M NazEDTA and 20pg of sonicated salmon sperm
carrier DNA in 10mM ‘Lris-HCI {(pH8.0), 1mM NayEDTA were then added. The
mixture was heated to 1000C for 5 minutes and then used for hybridization to the
blot.

The incorporation of radiolabelled dCTP in the probe was measured by placing
0.5ul of the labelling reaction cnto a strip of Whatman 3MM paper. The postion
of the sample was marked and the lower end of the strip was placed in 0.3M
ammonium formate (pH§8.0). The ammonium formate was then allowed to diffuse
to the upper end of the strip. The strip was then cut in half and the upper and
lower portions were placed in separate scintillation vials and counted using the
Cercnkov channel of a scintillation counter. The sum of counts from the upper
and lower portions was calculated, and then the percentage incorporation was
calculated by dividing the number of counts from the bottom portion by the
total counts and multiplying by 100.

2.23.3 Probing the blot
Sambrook et al.,, 1989

Blots and probes were prepared as described in the previous two subsections.
The probes were then hybridized to the blots as follows:-

5ml of pre-hybridization solution were prepared (1.25ml 20x SSC (section 2.2),
0.25ml 100x Denhardt’s solution (section 2.2}, 0.25ml 10% SDS). 0.5mg of
sonicated salmon sperm DNA were heat denatured at 100°9C for 5 minuies. This
was chilled on ice before it was added to the pre-hybridization solution in a
hybidization bottle. T'he filter was placed in the bottle and prehybridized in a
Hybaid mini oven at 659C {or one hour. The probe (section 2.23.2) was heated to
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1009C for 5 minutes. This was then added to the bottle and hybridization was
allowed to proceed at 65°C for 18 hours with constant rotation. PFollowing
incubation, the filter was washed twice in 2x SSC (section 2.2) containing 0.1%
SDS at room temperaturce for 10 minutes. It was then washed once in 1x SSC
containing (.1% SDS for 15 minutes at 65°C with shaking and once in 0.1x SSC
containing 0.1% SDS at 659C for 10 minutes. The filter was then wrapped in
Saran wrap and exposed to X-ray [ilm (Amersham Hyperfilm) for three days
prior to developing,




SECTION 3

Preparation, amplification and cloning of KEL cDNA
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SECTION 3 Preparation, amplification and cloning of KEL cDNA
3.1 Introduction to the preparation of cloned KFEL cDNA

In an attempt to elucidate some of the intricacics of the expression of Kell
system antigens, various molecular biology approaches were emploved. The
initial steps taken in this investigation involved the synthesis of cDNA {rom
RNA isolated from donor samples of known Kell phenotype. The resulting
material was used for the majority of the work carried out thereafter. This
section describes the isolation of total RNA [rom donor blood samples; the use of
this target material for the synthesis of cDNA; the amplification of the cDNA by
the polymerase chain reaction and the cloning of the PCR products for
sequencing, and [or analysis by other techniques which will be described and
discussed in subsequent results sections.

3.2 Isolation of total RNA from whole blood

Total RNA was isolated from OKk whole blood as described in section 2.4.1. This
phenotype was chosen as the donor was available to donate samples at regular
intervals, although a homozygous donor may have been preferable for cloning
of PCR products to ensure that the gene cloned was of known type. This has
been discussed in section 8. The total RNA obtained was analysed on u
formaldehyde denaturing gel (section 2.4.2) (o ensure that the quality was
suitable for use as a target in reverse transcription reactions (Figure 3,1). The
presence of the two ribosomal RNA bands (18S and 28S) demonstrated the
suitability of the sample for subsequent reverse transcription, as this showed
that the RNA had not degraded to a significant exvent during preparation.

3.3 Reverse transcription of mRNA

The resulting total RNA was used as a target in rcverse transcription,
employing either of the two techniques described in sections 2.5.1 and 2.5.2. In
both of these methods, an oligo dT primer was annealed to the poly-A mRNA
fraction contained in the total RNA and, by use of cither Avian myeloblastosis
virus (AMV} reverse transcriptasc or Moloney murine leukaemia virus
{(MoMulLV) reverse transcriptase, the annealed primer was extended to produce
a complementary first strand ¢cDNA. From the work carried out with both of




Figure 3.1 Agarose/formaldehyde gel analysis of total RNA

ligure showing a Spg sample of total RNA electrophoresed on a 1.5%
agarose/formaldehyde gel. The 18S (1.9 kb) and 288 (5.1 kb) bands of ribosomal
RNA are marked.
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these reverse transcription Kkits, it became clear that AMV reverse transcriptase

was more suitable.

The reason for this was that cDNA molecules could be generated from both the 3
and 5' halves of the KFEI genc using AMV reverse transcriptase but only the 3’
hall length fragment could be reverse transcribed using MoMulV reverse
transcriptasce. The most likely explanation for this is that, as AMV reverse
transcriptase can be used at higher temperatures (42°C compared with 379C for
MoMulV reverse transcriptase), secondary structure is reduced within the
target molecule and the probability of generating longer ¢cDNA molecules is
increased. This would suggest that there is sufficient secondary structure
within the 5’ half of the KIL mRNA to inhibit reverse transcription by MoMulV
reverse transcriptasc (section 8).

3.4 Generation of PCR products encoding the Kell protein

The first strand ¢DNA described above was used directly as a target in the
polymerase chain reaction {section 2.7.1)}. The fragments amplified from the Kk
first strand cDNA corresponded to two approximately equally sized fragments
{(1157bpand 1208bp) which are referred to as the 3" and 5' halves (Figure 3.2).
The oligonucleotide primers used for these amplifications are detailed in Table
3.1. These two fragments have a central 87bp overlap (Figure 3.2). The PCR
products generated were analysed on a 1% agarose/TBE gel (section 2.8)
allowing the direct analysis of each PCR product with respect to both yield and
size of the amplified fragment. PCR products of good quality were subjected to
further analysis by restriction enzyme digestion and cloning/DNA sequencing.

3.5 Analysis of PCR products encoding segmcnts of the Kell
protein

In order to confirm that the amplified PCR products corresponded to those of
KEL cDNA, the presence of restriclion sites predicted from the published
sequence was investigated (Lee et al,, 1991). The PCR products were gel purified
on a 0.7% low melting point agarose gel (section 2.9). The gel bands containing
the putative KIL fragments were excised and DNA was then extracted from the
gel bands (section 2.9). The resulting samples werc then digested with Bgl II
for the 3" half or Pst 1 for the 5' half, generating two and three fragments
respectively. 'The digests were analysed on 19 agarose/TBE gel (Figure 3.3).




Table 3.1

PRIMER

NUMBER

Primer 48

Primer 54

Primer 49

Primer 51

87

Oligonucleotide primers used for the amplification

of KEL cDNA by PCR

SEQUENCE

ccgtcgaCcGAAGCATTCTGGAGCCACAGAAG

Sall
¢cggatccCTTTCTGCGTGCCTCCTGGAALT
Bam HI
ccgtegacACATGATCTTAGGGCTGG GGG
Sall
ceggatccATTTCTGTGCIGTGGCATCTTTG
Bam HI

POSITION

93-115

1284-1262

1214-1236

2354-2332

‘The primer pairs used in PCR were primer 48 plus primer 54 and primer 49 plus

primer 51. Thesce amplified the 5" and 3" KEL ¢DNA halves respectively. Ail

oligonucleotide primers had restriction enzyme sites incorporated in the 5'

termini. These sites contain the six nucleotide rccognition. sequence for Bam 1

or Sal I and an cxtra two nucleotides to optimise the chance of the restriction

site being generated fully in PCR. The cight extra nucleotides are shown in

lower casc letters. Position relers 1o the KEL cDNA nucleotide sequence

numbered as previously reported by lee et al., 199].




Figure 3.2 Map of KEL fragments generated by PCR

Illustration of the two half length fragments of KEL cDNA generated by PCR.
Oligonucleotide primers and their directions are shown by arrows. The central
87bp overlap is illustrated by the shaded box. PCR fragments arc illustrated by
hatched boxes and are labelled with their corresponding sizes.
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Figure 3.3 Gel analysis of restriction enzyme digests of PCR
products

Figure illustrating agarose gel analysis of restriction enzyme digests of putative
KEL cDNA [ragments. Tracks 1 and 4 are 1 kb DNA ladder. Track 2 is undigested 3’
half length fragment and track 3 is Bgl II digested 3' half length fragment.
Track $ is undigested 5' half length fragment and track 6 is Pst[ digested 5' half
length fragment. Marker and fragment sizes are labelled.
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The resulting fragments were compared with size markers and the approximate
sizes were calculated by interpolation on a graph of logig apparent molecular
weight v's distance migrated for the size markers. This gave good correlation
between the calculaled and expected sizes (Table 3.2},

The restriction enzymes used were chosen according to a computer search of
the restriction enzyme sites present within the published KEI ¢cDNA sequence.
Digestion with these enzymes yields fragments of sufficiently large and varied
size to give a diagnostic test [or the origin of the PCR product. When the
estimated fragment sizes correlated closely with the expected sizes, allowing for
small errors which arise from the measurement of the extent of band migration
of samples and standards, this was a good indication that the PCR product was
from the desired source. It is unlikely that material derived from another
source would give exactly the same banding pattern when digested with the
enzymes chosen,

3.6 Cloning of PCR products encoding segments of the Kell
prolein

After confirmation of the identity of PCR products by restriction enzyme
digestion, they were cloned into the multiple cloning site of the plasmid vectors
pTZ18U and pTZ18R (section 2,14). I'his was achicved by use of the Bam HI and
Sal I restriction enzyme sites incorporated into the PCR product through their
presence at the 5' termini of the oligonucleotide primers used in the PCR. The
two plasmids were digested with Bam HI and Sal 1, sites for both of which are
present in the multiple cloning site of the plasmids (Figures 2.1 and 2.2). The
PCR products were similarly digested and then the fragments were ligated into
the plasmids using T4 DNA ligase enzyme (scction 2.14). The ligation mixes were
used to transform competent XL1-blue E. coli cells (section 2.16). These
transformants were plated out and grown on L-broth agar plates containing
ampicillin, X-gal and IPTG (section 2.15). Only colonies of cells which contain
plasmid will grow, as the presence of the plasmid imparts antibiotic resistance
to the bacterial host cell due to the production of p-lactamase. The cells which
contain plasmid lacking insert appear blue duc to the formation of p-
galactosidase via a-complementation. Cells which contain recombinant plasmid
do not produce g-galactosidase and appear white. It was therefore possible to
isolate and purify transformant cells containing the cloned product. In order to
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Table 3.2 Calculation of restriction enzyme digest fragment sizes

FRAGMENT EXPECTED FRAGMENT ESTIMATED FRAGMENT
IGESTED SIZE (bp) SIZE (bp)
3" half + Bgl I 227 240 +/-24

930 1050+/-105
5'half + Pst | &4 -

331 540 +/-54

593 630+/-63

The 84bp {ragment size could not be estimated by this method duc to the poor
resolution and staining of this small fragment on a 1% agarose/TBE gel.
A 10% error margin has been allowed in the estimation of fragment size.
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confirm that the selected plasmids actually contained the required insert, each
plasmid was isolated (section 2.19.1) and fractions of the samples were digested
with Bam HI and Sal . The digests were then analysed on a 1% agarose/TBE gel
{section 2.8). Typical results are shown in Figure 3.4. The plasmids which
contained inserts generated two bands, one corresponding to the insert and
which was the same size as the original cloned [ragment, and the second
corresponding to the linearised plasmid. In the case where a PCR product had
not been inserted into the plasmid and where the colony appeared white, only
one band of linearised plasmid was evident on the gel. Such apparent plasmid
tranformants may arise as a result of failure of the Jac system through
mutation in plasmid or chromosomal genes, It should be noted that, if the
plasmid was incompletely digested, then extra bands of uncut circular plasmid
DNA should also be apparent on the gel. Transformants containing plasmids
with the appropriate insert were then stored in glycerol at -70°C for future use
(scction 2.18).

3.7 Partial sequencing of cloned PCR products

Clones of each of pTZ18U containing 3' half and pTZ18U containing 5' half were
used to produce single stranded DNA through infection of the cells with M13K0O7
helper phage. This allows preferential secretion of single stranded vector DNA
for use in sequencing reactions (section 2.20.1). The plasmid pTZ18U yields the
positive strand of the DNA when infected with helper phage. The single
stranded DNA was used directly in Sanger dideoxy sequencing (section 2.20.2)
using Universal sequencing primer, or a KEL sequence specific primer.
Approximately 200 nucleotides of each cloned fragment were sequenced (Figure
3.5). This confirmed that the cloned materials were of KEL origin, as the
experimental sequence was the same as the published scquence with the
exception of a single nucleotide at position 1391 where a C on the published
sequence was replaced by a T in the experimental sequence (ligure 3.5).

3.8 Discussion

The initial step in this project involved the isolation of total RNA from samples
of whole blood. Several methods were assesscd before the AGPC method {section
2.4.1) was chosen for routine use. Other techniques and the reasons for this
choice arc discussed more fully in section 8. The AGPC method is a single step
procedure incorporating guanidinium thiocyanate {(a strong inhibitor of




Figure 3.4 Gel analysis of restriction enzyme digested
transformant plasmid preparations

Figure illustrating agarose gel analysis of intact pTZ18U plasmid (track 2),

Bam H1/Sal 1 digested pTZ18U plasmid (track 3) and Bam HI/Sal I digest of
pTZ18U transformant containing the KEL 3' half length fragment (track 4). 1 kb
DNA ladder is included as a size marker (track 1).




3054
2036
1636

1018

506/517




Figure 3.5 Partial sequencing ol cloned 3’ half length KEIL PCR

Partial sequencing of 3' half length KEL cDNA fragment cloned in pTZ138U.
Positions refer to the KEL ¢cDNA nucleotide sequence numbered as previously
reported by Lee et al,, 1991. The sequence data relating to this figure is detailed
below.

products

Published sequence

1214

1214

ACATGATCTTAGGGCTGGTGGTGACCCTTTCTCCAGCCCTGGACAGT

—— —— v ——— —— o - — iy o —— o W ————— T ————————— a4 —— v o — it fois

ACATGATCTTAGGGCTGGTGGIGACCCTTTCTCCAGCCCTGGACAGT

Experimental sequence

1261

1261

1308

1308

1355

1355

CAAT'TCCAGGAGGCACGCAGAAAGCTCAGCCAGAAACTGCGGGAACT

b e g S g g et A B T T ————— ——— 7 {— T - {— i o — — —— i {—

CAATTCCAGGAGGCACGCAGAAAGCTCAGCCAGAAACTGCGGGAACT

GACAGAGCAACCACCCATGCCTGCCCGCCCACGATGGATGAAGTGCG

—— . ———————— ——— = i S Sy e T vt B e e bk S ————— - S -

GACAGAGCRACCACCCATGCCTGCCCGCCCACGATGGATGAAGTGCG

TGGAGGAGACAGGCACGTTCTTCGAGCCCACGCTGGC 1391

TGGAGGAGACAGGCACGTTCTTCGAGCCCACGCTGGT 1391

1260

1260

1307

1307

1354

1354

* denotes discrepancy between published and experimental sequences,
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RNase) with sodium acetatle, phenol and chloroform to allow the isolation of
total RNA [rom the sample. This technique gave high yields of total RNA
{approximately 2ug per ml of whole blood used). Problems were encountered,
with respect to RNase contamination, at a later stage in this project and these
are discussed in section 8.

The generation of product by PCR using first strand ¢DNA as a target proved a
reliable and reproducible technique, and the resulting products were generally
of high yicld (approximately 3-5pg per 100ud reaction) and good quality with no
non-specific bands being generated as a result of mispriming or poor target
quality.

Cloning of KEL PCR producis inte suitable plasmids was prerequisite for the
work described in sections 4 and 5. However, this is not the most appropriate
approach for the sequence analysis of KEL PCR products. The reason for this is
that, during the cloning process, a single PCR generated molecule is
incorporated into each individual plasmid clone. This gives rise to problems as
it is impossible to determine whether differences between the experimental and
published sequences are true sequence differences or have arisen as a result of
Tag DNA polymerase misincorporations. This is apparent from the one
difference determined [or the partial sequence described ahove, where there is
a C <= T nucleotide substitution at position 1391 of the 3' half length fragment.
This would result in an amino acid change from alanine to valine. Valine is a
small nonpolar hydrophobic amino acid, similar to alanine in its
characteristics. One possible explanation for this difference is that a natural
mutation has resulted in a conservative amino acid substitution in the
sequenced sample. ‘This mutation may not alter structure/function to any great
extent. A second possible explanation is that Jack of fidelity ol Tag DNA
polymerase has resulted in an error in the sequence. It is well documented that
Taq DNA polymerase enzyme, when used under normal PCR conditions, will give
rise to misincorporations at a rate of one in every 400 nucleotides (Saiki et al,
1988). As a result, one might expect around 3 misincorporations in each of the
two half fragments, based on the length of the two fragments being amplified.
In order to determince the true source of the differences, many individual
clones must be sequenced. Therefore, it is more appropriate to sequence
directly a population of PCR products, where the average of the sequence
results is determined. This greatly reduces the problem of detcrmining true
sequence differences. This is discussed in more detail in section 8.
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SECTION 4 locating the KEL gene by analysis of somatic cell hybrid
PCR products and by in situ hybridization

4.1 Introduction to PCRs using somatic cell hybrid DNA
targets

‘The polymerase chain reaction is an extremely versatile technique and, in the
work described in this section, it has been used for the amplification of an 87bp
product from somatic cell hybrid DNA samples. The somatic cell hybrids used
are cells which contain a combination of chromosomes from human and
another mammalian source. DNA preparations were performed on a variety of
different somatic cell hybrid samples, each with different human chromosome
complcments. These were used 10 determine which chromosome carries the KFI
gene. Some of the DNA samples used contained chromosomes which had been
translocated i.e. some of the individual chromosomes are partly human and
partly rodent. In these cascs the junction between the human and rodent
fragments had been defined. In order to generate PCR products using this type
of target material, oligonucleotide primers were used which were likely to
amplify a fragment contained within a single exon (Table 4.1). In the absence
of genomic sequence data, this was predicted by comparison of the KEL cDNA
sequence with the gene structure of CALLA neutral endopeptidase. These two
genes have been shown to have sequence homology thus giving a guide as to
where introns might arise in the KEL gene (D'Adamio et al., 1989). PCR products
could only be amplified where the part of the human chromosome carrying the
KEL gene was present. The experimental results can be easily interpreted, as
only the samples containing the appropriate gene will give rise to a PCR
product. The use of somatic cell DNA samples containing translocations allow
refinement of the chromosomal location, as product will not be generated if the

part of the human chromosome carrying the gene is missing.

An 87 base pair fragment was generated using these primers (Figure 3.2). A
product of 71 nucleotides would be expected based on the annealing positions of
the oligonucleotide primers to the published KEIL cDNA sequence (1214 and
1284). The extra 16 nucleotides arise from the incorporation of the additional 8
nucleotide residues at the 5' end of each oligonucleotide primer.
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Table 4.1 OQligonucleotide primers used for the amplification
of an 87bp fragment from somatic cell hybrid DNAs

by PCR
PRIMEKR SEQUENCE POSITION
NUMBER
Primer <49 ccgtegacACATGATCTTAGGGCTGGTGGTG  1214-1236
Primer 54 ccggatccCTTTCTGCGTGCCTCCTGGAAT L 1284-1262

The oligonucleotide primers had restriction enzyme sites incorporated in the 3'
termini as they were initially designed for the generation of PCR producis for
ligation into plasmids (section 3.4). The nucleotides relating to the restriction
enzyme Sites are in lower case letters. Position refers to the KFEIL ¢DNA
nucleotide sequence numbered as previously reported by Lee ¢t al,, 1991.
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4.2 Basis for in sitn hybridization studies

The in situ hybridization work for this section of the project was performed at
the Duncan Guthrie Institute of Medical Genetics, Yorkhill, Glasgow with the
assistance of Mrs Norma Morrison.

Previous published work had provided provisional assignment of the KEL gene
to chromosome 7q32-q36 (Zelinski et al, 1991 a). This assignment was based on
the use of antigenic variation as a marker. Genetic analysis had demonstrated
that the K&£L genc is closely linked to the prolactin-inducible protein (PIP)
locus, allowing assignment of the KEL locus to chromosome 7 (Zelinski et al,
1991 a). This section describes the use of in situ hybridization analysis in
conjunction with PCR amplification of a KEL specific product from somatic cell
hybrid DNA to refine the location of the KEL gene on chromosome 7.

in situ hybridization involves the binding of a sequence specific labelled probe
to locate a particular gene sequence on human metaphase chromosomes, as
described more fully in sections 1.2.3 and 2.21.

4.3 Analysis of somatic cell hybrid PCR products

PCR reactions were performed using a panel of somatic cell hybrid DNA samples
which was kindly donated by Dr Nigel K. Spurr, Imperial Cancer Research Fund,
Human Genetic Resources Laboratory, Clare Hall Laboratories, Blanche Lane,
South Mimms, Herts.

PCR reactions were carried out as described in section 2.7.5. The resulting PCR
products were analysed on a 15% polyacrylamide gel (section 2.8) (Tigure 4.1).
The results obtained were then compared with the chromosomal composition of
the somatic cell hybrid DNA sampies usced as templates (Table 4.2). Table 4.2
details the human chromosomal content of the cell lincs used as targets. [rom
these data, the chromosome containing the target sequence for amplification of
the 87bp product was determined. These results illustrate that PCR products are
present in lanes 1, 5, 6, 7, 10, 11, 12 and 18. Products were only generated from
somatic cell hybrid DNA samples which contain human chromosome 7 (Table
4.2}. This is discussed in section 4.5,




Figure 4.1 Polyacrylamide gel analysis of somatic cell hybrid
DNA PCR products

Polyacrylamide gel analysis of the 87bp product amplified by PCR from human-
rodet somatic cell hvbrids containing the human KEL sequence. Target DNA
samples were from (1) cloned KEL cDNA, (2) mouse, (3) rat, (4) hamster, (5)
human, (6) AMIR2VIIL, (7) CTP41253, (8) DUR4.3, (9) FG10, (10) 3W4C15, (11)
MOG2,(12) Horp27-RC114, {13) ST4A31, (14) F4SC13C112,(15) TWIN19/D12, (16}
FIRSR3, (17) FIRS, (18) CLONE21E
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4.4 in situ hybridization using a KEL specific probe

The cloned 3' half length KEL {fragment described in section 3 was used as a
probe for in situ hybridization experiments with normal malec metaphase
chromosome spreads, according to the method in section 2.21. The probe was
biotinylated by nick translation (section 1.2.3) and used for hybridization to
banded metaphase chromosome spreads, as described previously (section 2.21).
The use of nick translation allowed the generation of a biotinylated probe
containing a random population of sequences of varying length, which
conslitute the entire KEL cDINA. Twenty [our normal human male metaphuses
were scored following hybridization and the positions of 118 signals recorded. A
highly significant (P < 0.005} 37 signals were located on chromosome 7, with 22
comprising a signal peak on 7q33-35. A second hybridization was performed
and the signal distribution at 7¢33-35 was noted on 32 chromosoines 7, all of
which were sufficiently intense to permit assignment of signals to a single
band. These experiments showed clear hybridization of the probe to the
chromosome and allowed the refinement of the mapping of the KEL gene to
chromosome 7934 (Figures 4.2 and 4.3).

4.5 Discussion

From the results of the PCR experiments (Table 4.2) it was clear that only the
somatic cell hybrids which contained intact human chromosome 7 yielded a PCR
product, indicating that the gence encoding the Kell blood group pelypeptide is
located on chromosome 7. One of the somatic cell hybrid samples used contained
a translocation in chromosome 7. This was FIR5 which contains a X/7
transiocation (X:7) Xqter-q13:7pter-q22 (Hobart et al, 1981). The 87bp KEL
[ragment was not amplified from this sample (Figure 4.1}, indicating that the
lacation of the KILL gene is 7q22-qter. These findings were reinforced by the in
situ hybridization results which allowed the position of the gene to be localised
to 7g34. l'his allowed further refinement of the KEL chromosomal location from
that which had been published previously (Zelinski et al, 1991 a). The initial
mapping results published by Zelinski et al. were confirmed by the linkage of
the KEL locus to the cystic fibrosis locus (Purohit et al, 1992). The results
obtained by these experiments place the KEL locus distal to the cystic fibrosis
locus (7g31-32) and proximal to the T cell receptor beta cluster localed in 7935
(Barker et al., 1984).




ligure 4.2 Hybridization of a biotinylated probc to human
chromosome 7 in situ

Figure illustrating hybridization of a KEL specific biotinylated probe to normal
male metaphase chromosome spreads. The bright spots represent the position at
which the probe has hybridized to both alleles of an individual chromosome.
These can be seen on two chromosomes; one to the top right of the chromosome

spread and a second in the centre of the spread.







Figure 4.3 Signal distribution at 7933-7g935 on 32 copies of
chromosome 7 following hybridization to the KEL
cDNA probe

Diagrammatic representation of signals detected on 32 chromosomes 7 after
hybridization of a biotinylated KEL spccific probe to normal male metaphase
chromosome spreads. Dots indicate the chromosomal positions of each signal.
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This assignment, using a ¢cDNA probe which encodes the Kell polypeptide, is to
the same region of chromosomc 7 as indicated by genetic analysis of the
antigenic variation associated with the Kell blood group system (Zelinski et al,
1991 b). The co-localisation of the antigenic determinant and the gene locus
suggests that the Kell antigenic determinants are part of the polypeptide chain
and not the associated sugar molecules, as both localisations are to the KEL locus
and not to a separate glycosyl transferase gene locus,

In studics performed by Lee et al., the KEL locus was mapped to chromosome
733 (lee et al, 1993). This mapping was achieved by hybridization of a
radiolabelled K1 specific ¢cDNA probe to somatic cell hybrid DNA panels.
Genomic clones from a human placental DNA genomic library were used in the
isolation of the probes for these in situ hybridization experiments. The results
obtained located the KEL gene to chromosome 7q33. These stodies were
published simultaneously with the author's work described in this section and
the results obtained were virtually identical (Murphy et al, 1993, Lee et al,
1993).

‘The results of the work described in this section and their implications will be
discussed more fully in scction 8.




SECTION 5

Southern blot analysis of total genomic
DNA with KEL specific probes
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SECTION 5 Southern blot analysis of total genomic DNA with KEL

specific probes

5.1 TIntroduction to the genetic basis for the Kell null
phenotype

[n a few rare individuals, the antigens of the Kell blood group system are
completely undetectable by scrological techniques. This phenotype is referred
to as the Kell null (Kg) phenotype. Despite the apparent lack of antigen
expression in these individuals, work has been published which gives cvidence
for the presence of Kell protein on the surface of Ko erythrocytes (Merry ct al,
1984). However, the genctic basis for this phenotype has not been established.
The results described in this section provide evidence that the Kg phenotype, in
one particular case, does not arise as a result of a complete or a major gene
deletion.

5.2 Analysis of total genomic DNA by Southern blotting.

A sample of whole blood was obtained from one Kq individual and total genhomic
DNA was prepared by the method described in section 2.22.1. Southern blotting
(section 2.23) was then used to compare this sample with samples of genomic
DNA derived from normal Kell phenotype individuals. The probes used in this
investigation were the two approximately equally sized cloned Kk PCR products,
termed (he KEL ¢DNA 3' and 5" halves, described in section 3. These two cloned
products span the complete coding region of the published ¢DNA sequence (Lee
et al, 1991). The probes were radiolabelled by the random priming techuique,
using the Megaprime (TM) Jabelling system described in section 2.23.2. Both
undigested and restriction enzyme digested total genomic DNA were
electophoresed and Southern blots were prepared as described in section 2.23.1.
The resulting blots were probed using the method described in section 2.23.3.
Table 5.1 shows the positions of the sites for the resiriction enzymes used in this
section on the published KEL cDNA sequence.

5.2.1 Southern blots of Ko and Kk total genomic DNA digested with
Hpa Il and Msp 1

The initial results obtained by probing Southern blots of Hpa II and Msp |
digested Kq and Kk total genomic DNA with the 3' and 5" half length fragments
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Table 5.1 Positions of restriction enzyme sites present in the KEL
c¢DNA sequence

RESTRICTION ENZYME POSITION OF SITE IN cDNA SEQUENCE
Bam HI no sites present in cDNA sequence
Sal l no sites present in cNA sequence
Pst] ©51,1208,1550,1640,2034,2063

Hpa I/ Msp [ 378,1461,1659

tco RI 531

Position refers to the KEL cDNA nucleotide sequence numbered as previously
reported by Lee et al,1991.

The positions and numbers of restriction enzyme sites for these enzymes within
the intron sequences in KEL total genomic DNA sequence are unknown.
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are shown in Figure 5.1. These indicated that similar banding patterns were
obtained for both Kg and Kk samples, but that two extra bands were present in

the Ko samples when the 3’ probe was used.

5.2.2 Hybridization of the KEL 3' probe to bjots of undigested Kqg and
Kk tatal genomic DNA

In order to establish that the samples of total genomic DNA used {or these blots
were of good guality and not degraded, undigested genomic DNA from each of
the samples was electrophoresed and blotted and the blots were probed with the
3'and 5" fragmenis. The band sizes were estimated from their relative distances
of migration on the gel compared to those of DNA fragments of known size
(Tigure 5.2).

The results showed that bands were detected when a blot of undigested totail
genomic DNA Irom the Kg and Kk donors was probed with the labelled 3' half
lengih fragment. The band sizes obtained {rom this blot are detailed on Figure
5.2. It is clecar that the Ko sample has 4 bands present and the Kk sample has
only two bands present, these being equivalent in size to two of the bands
present in the Ko sample. These results indicate that random degradation of the
total genomic DINA samples is unlikely to account for the extra bands, as
hybridzation of a probe to degraded material would not give rise to a sharp
band. If these arose as a result of contamination, then a different contaminant
would have to be present in each of the samples to give rise to the different
banding patterns observed.

5.2.3 Southern blots of several samples of total genomic DNA probed
with the 3' KEL half length fragment

In an attempt to identify the source of the extra bands which were present on
probing blots of the undigested Ko and Kk samples, several samples of DNA from
Kk and kk donors were prepared by three individuals using wo different
techniques in three separate laboratories. Undigested total genomic DNA
prepared from the two donors already tested (one sample from the Ko donor and
three different samples from the Kk donor) were used in conjuction with
samples from two kk donors in the preparation of Southern blots.
Unfortunately, repeat samples of blood from the Kq donor could not be obtained

at this point. Blots were prepared {rom a total of seven samples. These were then




Figure 5.1 Southern blot of Hpa Il and Msp I digested genomic DNA
probed with 3' and 5" half length KEL fragments

Southern blots of Kk and Ko total genomic DNA digested with Hpa Il and Msp 1
and probed with the KEL 3" and 5' half length fragments, Tracks 1 and 5 are Kk
genomic DNA digested with Hpa II, tracks 2 and 6 are Kk genomic DNA digested
with Msp 1, tracks 3 and 7 are Kp genomic DNA digested with Hpa 11 and tracks 4
and 8 are Kg genomic DNA digested with Msp L. Tracks 1 to 4 were probed with
the 3' half fragment and trucks 5 to 8 were probed with the 5" half fragment.
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Figure 5.2 Southern blot of Ko and Kk undigested genomic DNA
probed with the 3' KEL (fragment

Track 1 is 1 kb DNA ladder and tracks 2 and 3 are Ko and Kkundigested total
genomic DNA electrophoresed on a 1% agarose/ TBE_gel prior to blotting. These
samples can be seen to be undegraded. Tracks 4, 5 and 6 are the blotted samples
from tracks 1, 2 and 3 probed with the 3' KEL fragment.
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probed with the 3' half length fragment (ligure 5.3). The 3' KIL fragment was
removed from the blot prior to hybridization of the 5' KEL fragment (Figure

5.4). The results obtained illustrated the fact that the extra bands present in the
Ko sample were also detected in samples of DNA prepared from kk individuals, A
DNA size marker was electrophoresed on the gel and a track containing gel
loading dyc and TE buffer was also included to establish that these extra bands
had not arisen as a result of a contaminant in the gel loading mixture (Figure
5.4).

The results obtained from these blots indicate that thce bands which were
detected did not originate from either the loading dyes or the TE buffer used for
loading the samples onto the gel, as no bands were detected in this lane of the
blot when probed with either the 3" or 3' KEL fragment.

When the blot was probed with the 3' fragment (Figure 5.3), the Ko sample gave
risc to the same banding pattern as shown in Figure 5.2, but a small (480bp)
band was also detected. It is likely that this band was too [aint to be detected on
the autoradiograph shown in Figure 5.2. The original Kk sample gave the same
two bands as those shown in Figure 5.2. The remaining five samples each gave a
band of 1900bp. This band was not present in either of the two original samples.
It is important to nate that two of these five samples originated from the same
Kk donor as the Kk sample used in the previous experiments. Two of the kk
samples, each from different donors, had faint bands at 480bp (this band was
present in the Ko sample). This band was not preseat in the other sample

derived from the same donor.

The results of probing with the 5' fragment showed that the Ko sample had
three bands present, only one of which relates to a band present with the 3°
fragment (1700bp) (Figure 5.4). The original Kk sample gave a single band at
1700bp. The remaining five samiples showed no banding patiern with this
probe.

The results from two blots described above (Figures 5.3 and 5.4) rule out the
presence of a common contaminant which gives rise to the presence of bands
on a blot prepared [rom samples of undigested total genomic DNA. However,
they do not resolve the situation in relation to the source of these bands, as the
results obtained from different samples prepared [rom the same donor are in
disagrecment.




Iigure 5.3 Southern blot of samples of undigesied genomic
DNA probed with the 3" KEL fragment

Track 1 is undigested Ko genomic DNA, Tracks 2, 3 and 5 are samples of
undigested Kk genomic DNA from the same donor, tracks 4 and 6 are undigested
kk genomic DNA from one donor and track 7 is undigested genomic DNA f[rom a
second kk donor. The blot was probed with the 3' KEL [ragment.
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ligure 5.4 Southern blot of samples ol undigested genomic
DNA probed with the 5' KEL fragment

Track 1 is 1 kb DNA ladder and track 2 contains only loading dyes and TE buffer.
Track 3 is undigested Ko genomic DNA, Tracks 4, 5 and 7 are samples of
undigested Kk genomic DNA from the same donor, tracks 6 and 8 are undigested
kk genomic DNA from one donor and track 9 is undigested genomic DNA from a
second kk donor. The blot was probed with the 5' KEL fragment.
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5.2.4 Hybridization of parts of the 3' KEL fragment to blots of Kg
and Kk total genomic TDINA

In an attempt to clarify the situation the 3' probe was divided into five smaller
fragments by digestion with Pst | (Figure 5.5). Three of these fragments were
sufficiently large to be isolated by gel purification (section 2.9). These were the
291bp, 336bp and 394bp [ragments. The two smaller fragments (29bp and 90bp)
are too small to be conveniently isolated by gel purification.

Each of the three larger fragments were isolated, radiolabelled and used as
probes with blots of Ilpa II and Msp I digested total genomic DNA from Kp, Kk
and kk samples (one sample of cach). It was hoped that this approach would
highlight which part of the 3' [ragment gave rise to each band on the blot,
aiding the interpretation of the structure of the Ko gene with respect to normal
KEL genes. Four blots were prepared, cach with a4 sizc marker and the samples
described above. The blots were then probed with the intact 3' [ragment and
each of the three smaller fragments of the 3' half (Tigure 5.6).

The results obtained trom these blots showed that two bands (660-750bp and
3200-3800bp) were present in the Ko/Hpa II digested sample with all four
probes. An extra band of 3000-5500bp was present in this sample when probed
with the 336bp, the 394bp probe and the intact 3' probe, A single band of around
3500bp (3200-3800bp) was detected in the Ko/Msp 1 sample with all four probes,
One band was detected in the Kk/Hpa 1I digest and this was present with the
336bp, the 394bp and the intact 3' probe, but was absent with the 291bp probe. A
sccond band of 660bp was also detected in this sample when the blot was probed
with the 394bp probe. These results have failed to clarify the situation as bands
which were detected in the initial experiments (Figure 5.1) were not detected in
a repeat of this experiment using the intact 3' fragment (Figure 5.6 D).

5.2.5 Southern blots of total genomic DNA digested with a variety of
restriction enzymes

The banding patterns obtained from these initial experiments indicated that
this particular Ko individual is likely to have a KEL gene similar to that present
in the Kk individual. In an attempt to clarify the structure of the KEL gene in
the Kq individual, further restriction enzyme digests using Lce RI, Bam HI, Sall,
Pst I and combinations of Feco RI/ Msp I and Eco RI/ Hpa 1l were performed and




Figure 5.5 Map of fragments generated on Pst I digestion of the
KILI 3' half length fragment

Diagrammaltic representation of the 3° half length KEI ¢DNA [ragment
indicating the positions of Pst | sites within the sequence and the fragment
sizes which would be generated on digestion with Pst 1. The positions of the

Pst [ restrictlon sites are according to the numbering as previously defined by
Lee et al, 1991,
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Figure 5.6 Southern blots of Msp I and Hpa II digested genomic
DNA probed with fragments of the KEL 3’ half

Four blots were prepared as follows; track 1 was Hpa Il digested Kq genomic
DNA, track 2 was Msp 1 digested Kg genomic DNA, track 3 was Hpa II digested Kk
genomic DNA, track 4 was Msp [ digested Kk genomic DNA, track 5 was Hpa II
digested kk genomic DNA and track 6 was Msp I digested kk genomic DNA.

Blot A was probed with the Pst [ 291bp fragment, blot B was probed with the

Pst1 336bp fragment, blot C was probed with the Pst I 394bp fragment and blot D
was probed with the intact KEL 3' fragment.
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used in the preparation of Southern blots. The blots were then probed with the
3'and 5' KEL fragments. The resuits obtained with the 3' probe are shown in

Figurc 5.7.

The results obtained from this blot could not be easily interpreted as numerous
bands were generated. The results of the 3' probed blot indicated that the Kq
sample has extra bands compared with the Kk sample with all digests analysed.
The bands present in the Kk sample are always present in the Kg sample with
the exception of a 5200bp band present when the Kk genomic DNA was digesied
with Bam HI. Thec results obtained when the same blot, after removal of the 3°
probe by stripping with SDS, was probed with the labelled 5' half [ragment
were very stmilar to those obtained with the 3' fragment. Again, all the bands
present in the Kk sample were present in the Ko sample, with the exception of
the 5200bp band in the Bam HI digest. On comparison of the results of probing
blots of undigested and digested Kg total genomic DNA (Figures 5.2 and 5.7} it
was apparent that a band of 3200bp is common to every sample, implying that
this band lacks sites for Fco RI, Msp I, Hpa [I, Sall and Pst L.

The results obtained from these biots reinforce the initial f{indings that the Ko
gene, in this case, is similar to that present in an individual expressing normal
Kell system antigens on the red cell surface.

5.3 Overall results obtained from Southern blots

‘The results of the work described in this section suggest that the KEL gene is
present in a recognisable form in this particular Kg individual, although
precise information regarding the gene arrangement has not been established.
It is likely that this example of the Ko phenotype does not arise as a result of a
major or complete gene deletion since similar banding patterns can be detected
when Southern blots of the total genomic DNA prepared [rom the individual
were performed using KFI sequence specific labelled probes. Had a major or
complete gene deletion been responsible for the presentation of this
phenotype, then few or no bands would be expected to arise as a result of this
line of investigation.

The remainder of this section will deal with the problems encountered with
interpretation of the results obtained.




Figure 5.7 Southern blot of digested genomic DNA probed with 3'
half length KFL fragment

Tracks 1, 3,5, 7, 9and 11 are restriction enzyme digests of Ko genomic DNA and
tracks 2, 4, 6, 8, 10 and 12 are restriction enzyme digests of Kk genomic DNA. The
samiples in each track have been digested as follows:-

Tracks 1 and 2 - Eco Rl

Tracks 3 and 4 - Eco Rl and Msp 1

Tracks 5 and 6 - Lco Rl and Hpa 1T

Tracks 7 and 8 - Bam HI

Tracks 9 and 10 - Sal |

Tracks 11 and 12 - Pst ]

‘I'he blot was probed with intact KEL 3' fragment.
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Firstly, the rcsults which came to light by the use of undigested total genomic
DNA in Southern blots, include the following-

1

A band of 1900bp appears in samples of undigesied total genomic DNA, preparced
under various conditions from different blood samples, when probed with the
intact 3' fragment {(Figure 5.2). This band does not appear when the 5' probe is
used, suggesting that this band is an authentic band which relates to the 3* half
of the cDNA sequence.

2

A 480bp band is prescnt in undigested total genomic DNA from the two kk
samples and the Ko sample when these are probed with the intact 3' probe
(Figures 5.3 and 5.4}. This band is not apparent in any of the three Kk samples
prepared from the same donor, This suggests the presence of a KII specific
sequence common to kk and this Ko individual which appears to be absent in
the Kk donor.

3

A 1700bp band is present in the original Kk sample and the Kg sample of
undigested total genomic DNA when probed with either the 3' or the 5'
fragments (Figure 5.3). This band was not detected in subsequent samples
prepared from the same Kk donor, or in any of the kk samplcs.

4

Five bands of estimated sizes 2900bp, 1900bp, 1700bp, 1400bp and 480bp were
detected on probing a blot of uadigested total genomic DNA from the Ko donor
with the 3' fragment (Figure 5.3). Bands of 3100bp, 1700bp and 1300bp were
detected on probing a blot of the same sample with the 5' (ragment. It is possible
that, allowing for errors in determination of fragment sizes, these bands are
the same as the 2900bp, 1700bp and 1400bp bands detected with the 3' fragment.
‘The 1900bp band detected with the 3' fragment was shown to be specific for the
3’ fragment as discussed in | above. None of the band sizes obtained from these
blots relate to the size of the 3' or 5' PCR products cloned in pTZ plasmids (i.c.
2860bp of plasmid + 1157bp of 5' PCR product = 4016bp or + 1208bp of 3’ PCR
product = 4068bp}. This discounts contamination of the sample with cloned KEL
CDNA.
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Secondly, the results obtained from probing blots of total genomic DNA digested

with restriction enzymes indicate the following-

i

Eco RI digests of the Kk sample yield three bands when probed with the 3'
fragment. The Xq sample gives five bands, three of which relate to those
detected in the Kk sample. This suggests sequence differences between the two
samples in the genomic DNA which relate to the 3 half of the KEL cDNA.

2

Digestion ol the Kk sample with Fco RI and Msp I and probing with the 3’
fragment revealed a complete absence of bands (Figure 5.7). When the Ko
sample was treated in the same manner, two bands of 3200bp and 660bp were
present. The 3200bp band corresponds to one ol the extra bands present on
probing a blot of undigested Kp genomic DNA with the 3' KEL fragment (Figure
5.2). The sizes of the two bands present in the Fco RI/Msp1 digest add up o give
a band size which is the same as one of the bands present in the Ko/Msp 1 digest
{1300bp). This suggests that Fco Rl cuts between two Msp [ sites in the vicinity
of the chromosomal KEL gene to generate the 660bp band present on probing
the Southern blot.

3

When the original sample of Kk total genomic DNA was digested with Msp I and
probed with the 3' or §' fragments, four bands were evident in each case. When
Ko DNA was treated in the same way, 6 and 4 bands were present respectively
(Figure 5.1). These digests were repeated, but on this occasion no bands were
present in the Kk sample with either probe. However, one band was present
(3800bp) in the Kq sample with the 3' probe (Figurc 5.6 D). This band may relate

1o the large cextra band seen on the first occasion using this probe.

4

When Kk total genomic DNA was digested with Lco Rl and Hpa II, two bands
(5500bp and 4600bp) were detected with the 3’ fragment (Figure 5.3). When the
Ko sample was treated in the same way, four bands were present (5500bp,
4600bp, 3200bp and 660bp). This shows that the two bands present in the Kk
sample are also present in the Ko sample, but that there are two bands present
in the Kg sample which arc peculiar to that sample.
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5

On digestion of Kk total genomic DNA with Hpa (I, high molecular weight
material (8700bp) and a discrete band (5500bp) were detected with the 3'
fragment (Figure 5.6 D). A band of 5500bp was also detected when the sample
was digested with a combination of Eco Rl and Hpa Il (Figure 5.7). This indicates
that there is no kco RI site within the fragment generated by Hpa Il digestion.
wWhen Kq total genomic DNA was digested with IIpa II three bands were
generated (5500bp, 3800bp and 660bp) (Figure 5.6 D). The 5500bp and 660bp
bands were present in the Eco RI/Hpa Il digest but two additional bands (4600bp
and 3200bp} were also present in the double digest. These two bands may arise
from the partial digestion of the 5500bp and 3800bp fragments by Eco RI to give
4600bp and 3200bp fragments plus smaller undetectable fragments. This would
represent cleavage of at least two sites by Eco RI. The results obtained with the
Ko sample (Eco RI cuts at one site inside the J/ipa II fragment) rcinforce the
findings from the Msp I blot i.e. the Eco RI cuts once inside the Msp1 fragment.
This is not surprising as Hpa 11 and Msp 1 have the same sequence recognition
site but vary in their sensitivity to DNA methylation status, suggesting that the
KEL gene is methylated.

)

Digestion of Kk total genomic DNA with Bam HI and probing of the blot with the
3’ [ragment gave rise to 2 bands of 5200bp and 3200bp (Figure 5.7). When the Ko
sample was treated in the same manner, two bands of 3200bp and 1100bp could
be detected. The 3200bp band is common 1o both samples and the 5200bp band
may represent incomplete digestion of the total genomic DNA. The presence of
the 1100bp band in the Ko sample may represent a sequence difference
between the Kk and Ko sumples as Bam HI is known not to cutl the coding
sequence of the 3' half of the KL ¢DNA. However, the introduction of a Bam HI
sitc in the Ko sequence would allow the enzyme to cut the DNA and produce a
smaller fragment. An alternative explanation to this is that the intron
sequences in the two donors are sufficiently different for a Bam HI site 1o be
present in Kq but absent from Kk.

7

Kk total genomic DNA was digested with Sal I and the resulting blot was probed
with the 3' fragment (Figure 5.7). This gave rise to a high molecular weight
band which may arise as a result from the incomplete digestion of the sample, a
faint band ol 3900bp and a band of 1500bp. When Kg DNA was treaied in the
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same way, five bands were generated. The first was the high molecular weight
band described for the Kk sample and four other bands of 3900bp, 3200bp,
1500bp and 1100bp. These results show that the Kg sample contains two extra
bands which were not detected in the Xk sample. It is known that therc is no

Sal | recognition sequence in the 3" half of the KEL ¢cDNA sequence therefore,
cextra specific bands would have to arise by alterations of the Kg coding
sequence to generate the restriction enzyme sitc or by the presence of Sal |
sites in the intron sequence which are absent from the Kk intron sequence.

8

Digestion of Kk total genomic DNA with PstI gave rise to five bands on probing
the blot with the 3' probe (2700bp, 2100bp, 1500bp, 900bp and 480bp). Analysis
of the Ko sample by the same method resulted in the detection of 7 bands. Five of
these bands were present in the Kk sample and the remaining iwo bands were
of 3200bp and 350bp. The presence of so many bands in these samples is not
surprising as the 3' ¢cDNA will generate 5 Iragments on digestion with this

enzyme.

Thirdly, the results which came to light as a result of probing blots with short
length fragments generated by the digestion of the 3' probe with Pst I {section
5.2.4 and Figure 5.6) were as follows-

1

Probing a blot of Kk DNA digested with Msp [ with each of the short length
probes failed to yield any bands. Investigation of the Ko DNA in the same way
gave one band with each probe i.c, 3200bp with the 291bp probe, 3500bp with
the 336bp probe and 3800bp with the 394bp probe. The 3800bp band is the only
band present when Msp 1 digested Kk DNA was probed with the intact 3' probe.
It is possible that, given etrors in estimation of band size, that the bands
detected with all three of the short probes are the same band.

2
When Kk and Ko total genomic DNA were digested with Hpa Il and the resulting
blot was probed with each of the three short length probes, the following

results were obtained (Figure 3.6 and Table 5.2):-
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Table 5.2 Bands detected by probing Southern blots of IIpa Il

digested Ko and Kk genomic DNA with small
fragments of the KFEL 3' half

PROBI: SIZEQFBAND DETECTED
Ko

291bp >6000bp
3200bp*
700bp*

336bp 5000bp
3500bp*
750bp

394bp 55G0bp
3800bp*
660pp
450bp*

KXk

>6000bp

5000bp
750bp

3500bp
660bp

From these results it can be seen that extra bands are present in all Ko samples

when compared with those obtlained from the Kk sample. These band sizes are

marked with an asterisk.
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5.4 Discussion

The results detailed above have shown that a KEL genc is present in the Ko
individual tested but have failed to yield clear explanations of the gene
structure in this particular case of the Kell null phenotype. There are at least
five possible explanations for the differences between the K sample and other
samples investigated which have been detailed in section 5.3. Thesc have been

discussed below.

1 Contamination

It is unlikely that the results detailed earlier in this section have arisen as a
result of contamination of the samples. There is no published data which details
sequence homology between the KEL ¢DNA sequence and any human gene
contaminants which would be likely to arise in a laboratory situation, and
contamination of the samples with cloned KEL material has already been
discounted (section 5.3).

2 Degradation of the total gcnomic DNA

If degradation of the sample had occurred, then a smear would be seen on the
gel and the autoradiogram when the blot was probed. There was no evidence of
such degradation (Figure 5.2). It is highly unlikely that the DNA would degrade
by cleaving at exact points along its length to generate fragments of precise
sizes which would vield clear bands on probing the blot. Bands of the same size
were detected in both the Kg and Kk samples when probed with the 3' probe, It
is unlikely that degradation would occur to exactly the same extent in two
independent samples.

3 Sequence duplication in the Ko gene

Extra bands appeared in the Ko sample when the DNA was digested with a
variety of enzymes and the resulting blots were probed with all of the
fragments prepared, [n most cases, the bands present in the Kk sample, under
the same conditions, were also present in the Ko sample. This indicates that the
sequences of both these samples are similar, but that the extra bands present in
the Ko sample must have considerable sequence homology with the probe. This
suggests that parts of the KFl gene may have been duplicated in the Ko
individual. This would give rise t¢ a banding pattern the same as the "normal”
phenotype sample with extra bands present which would arise from the

duplicated sections of the sequence. However, an internal sequence duplication
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would alter the sizes of the restriction enzyme f[ragments generated on
digestion. This would result in a significant alteration in the banding pattern
obtained when the probed blots from normal and the Xg sample were compared.
This was shown not to be the case. Therefore, any gene duplication which has
occurred would have to be in the terminal portions of the gene.

4 Deletions in the Ky sequence

Equivalent sized bands appear in both normal and Ko samples in all the
Southern blots prepared. This is contradictory to a partial gene deletion having
occurred, as a deletion would truncate the gene and consequently give rise to
different banding patterns when compared with a normal phenotype sample by
Southern blot analysis.

3 Gene rearrangement

Extra bands occur in the Ko sample when compared with a Kk sample by
Southern blot analysis. Sequence homology between the probe and the DNA
relating to the bands detected is prerequisite for the detection of these extra
bauds. This may indicate that the Ky gene is rearranged in such a way that the
sequence is similar to the "normal" sequence, but is sufficiently different that
Kell protein cannot be expressed on the red cell surface in an antigenic form.
However, gene rearrangments would give rise to different banding patterns
when compared with a sample from a normal Kell phenotype donor.

5.5 Conclusions

One important piece of information which has come to light as a result of this
work is that this particular Ko individual appears to have a KEL gene which is
similar to the gene present in normal Kell phenotype individuals. This implies
that this particular example of the Kell null phenotype is unlikely to have
arisen from a major gene deletion or {rom a complete absence of the KEL gene.
Lee et al. have reported the sequencing of the KIT gene of two Kg individuals
(Lee et al, 1995 a). Their results show no differences, in the coding sequence,
between the normal and null individuals. This suggests that the Ko phenotype
may arise as a result of the action of a modilying genc at a later stage in the
development of the protein and its insertion into the red cell membrane; from
the lack of post-translational modification required for the protein to be
inserted into the cell membrane and expressed in an antigenic form; or from
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the presence of mutated upstream regulators which are repressing the KEL :

gene.

In summary, therefore, the results obtained from the work described in this
section give rise to many questions regarding intra- and inter-donor
differences. Many of these questions remain unanswered as continuing this
line of investigation would have proved detrimental to the progress of other
aspecis of the project. However, the important fact which has come to light as a
result of Southern blot investigation is that this particular example of the Ko
phenolype does not appear to arise from major alterations in the KEL gene
stucture.




SECTION 6

Automated direct sequencing of KEL PCR products
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SECTION 6 Automated direct sequencing of KEL IPCR products
6.1 Introduction to direct sequencing of PCR products

Sequencing of DNA can be approached from several different angles, some of
which involve the use of cloned ¢DNA target in either single stranded or double
stranded forms, as discussed in sections 1.2.4 and 3.7. This approach allows the
determination of the DNA sequence derived from a single cloned DNA molecule.
Misincorporation by Tag DNA polymerase may generate products which differ
from that of the original target molecule. As a result, misincorporations arising
from Tag DNA polymerase infidelity can only be distinguished from true
differences by sequencing material from several different clones. To climinate
such errors, material from several different clones must be sequenced. This is
both time consuming and expensive and, therefore, a more suitable alternative
is the direct sequencing of uncloned target material whereby the determined
sequence is that of a large population of molecules. Severat direct sequencing
methods are currently available and some of tlhiecse were used in the course of
this project. These techniques and their associated problems will be discussed in
section 6.4. Having asscssed these, it was decided that the technique of choice
was the automated direct sequencing of PCR products vsing the dye labelled
dideoxy terminator cycle sequencing metlhiod described in section 2.20.6.

The direct automated sequencing of PCR products was achieved with the help of
Mr Peter Martin and Mr Gary Mallinson of the International Blood Group
Reference Laboratory {IBGRL), Southmead, Bristol.

6.2 Introduction to automated sequencing

The Tag dyedeoxy terminator automated sequencing method (Applied Biosystems
Inc.) was chosen for the direct sequencing of KEL-related PCR products, The
reason for this choice was that, in view of the size of the KII cDNA and the fact
that sequence information for both scense and antisense strands of several
individuals of known Kell phenotype was required, longer stretches of
information could be obtained from each reaction than would have been
obtained from sequencing by other lechniques. Automated sequencing docs not
involve the use of radioisotopes, which is also beneficial from a safety point of
view. This method is based ¢n the Sanger dideoxy sequencing method, but
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incorporates four dye labelled didecoxy nucleoside triphosphates, each having a
different coloured tag, which effcct chain termination. Target DNA and
sequencing primer were added together in a single tube in the presence of
each of the four dye labelled dideoxy terminators, a dNTP mix {containing dITP,
dA'1P, dCTP and dTTP), Tag DNA polymerase and terminator ammonium cycie
sequencing butfer (supplied by the manufacturcr). The reaction mixture was
then heated and cooled in the same manner as PCR to allow the annealing and
extension of the sequencing primer (section 2.20.6). This generated chains of
different lengths, each of which end in a dye labelled ddNTP. The resulting
products were then clectrophoresed in a single track of a denaturing
poelyacrylamide gel. A lascr scanned the gel on a fixed axis and, as the dye tags
passed, the sequence was recorded on a computer system. This type of analysis
generates a series of coloured peaks, each peak relating to the dyve tag carried
by the terminal nucleotide. The order of the coloured peaks then generates the
sequence information. Scquences ol up to 600 nucleotides can be generated
from one single reaction by this techmique. This compares favourably to
manual methods which require four gel lanes for each sample {one for each of
the individual terminators). This can generate approximately 400 nucleotides of
sequence using aliquots of the samples electrophoresed for 2 and 5 hours
respectively. In practice, rather fewer nucleotides can be resalved in the
manual technique.

6.3 Automated sequencing of PCR products and analysis of
results

The method used for the direct sequencing of KEL-related PCR products was the
Applied Biosystems Taq DyeDeoxy Terminator Cycle Sequencing Kit with the
Applied Biosystems Model 373A automated sequencer according to the protocol
described in section 2.20.6. All of the PCR products sequenced were generated by
RT-PCR (sections 2.5.2 and 2.7.1) from individuals of known K/k phenotype and
all were Js(a-b+), Kp(a-b+). The status of other Kell blood group system antigens
was unknown.

Samples from two KK and two kk donors were completely sequenced on both
strands in order to determine differences which may account for the
expression of the K or k antigens (Figure 6.1 and appendix). The sequencing
primers used for this purpose are detailed in Table 6.1.




Figure 6.1 Complete sequence determination for the coding region
of KIIL cDNAs

Diagrammatic represcntation of the complete sequencing of both strands of PCR
products derived from two KK and two kk donors. The donor's initials and Kell
phenotype are noted above the relevant diagram. Arrows represent the
direction of the streiwch of sequence obtained from each individual reaction. The
first and last nucleotide positions of each scquence are noted. The coding
sequence of KEL cDNA stretches from nucleotide positions 124 to 2322. Position
refers to ¢cDNA sequence numbered as described by Lee et al,, 1991. Primers used
for sequencing are noted above or below the relevant arrow and details of these
can be found in Table 6.1,
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Table 6.1 Oligonucleotide primers used for sequencing

PRIMER SEQUENCE POSITION
NUMBER

P48 ccgtcgacGAAGGA T TCTGGAGCCACAGAAG 93-115
P59 ccgtegacAAACCGACTTCGGAGAATACTGG 501-523
P58 ccgtegacCGGGAATACCTGACTTACCTGAA 865-887
P49 ccgtegacACATGATCTTAGGGCTGGTGGTG 1214-1236
NP6 GCCCGACAAGANATACAACGAT 1594-1614
B CACGAGCTGTTGCACAICTTC 1864-1884
NP1 GGACCTCAGCCCCCAGCAGAT 21182138
P51 ccggatccATTTCTGTGCTG I GGCATCTTTG 2354-2333
NP2 GGTGCCGIAACAGCCICTITGC 2092-2072
NP3 AGAATGGGGG T TGGAGGAGTC 1807-1787
NP4 TTCTGAGGCGAGTGATGAGGG 1489-1469
P54 ccggatccCTTTCTGCGTGCCTCCTGGAATT 1284-1262
NP5 GCCGTGAAG IGATGGAGATTG 967-947
NP7 TAACTTGTCTGAGGGGACCAG 640-620
NP8 TCCACGGGCAGCCTCTCITCT 233-213

lLower case letters denote the presence of an extra eight residues which
incorporate a restriction enzyme site. These oligonucleotides were originally
designed [or PCR work and subsequent cloning of the products (secticn 3).

Position refers to the KEIL c¢DNA nucleotide sequence numbered as previously
reported by Lee et al,,1991.
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The sequence of each of the [our different KEL ¢cDNAs was determined on both
strands with overlaps. The extent of sequence determination from each primer
for each ¢DNA is shown in Figure ©.1. The complete scquence data obtained for
each sample is detailed in the appendix.

During the course of this section of work, when only part of the sequence
analysis required for the comparison of KEL ¢DNAs encoding the K and k
antigens was completed, Lee et al. published evidence indicating that the
sequence difference between k and K is a C->T substitution at position 70I;
where C gives rise 1o the k anligen and T gives rise to the K antigen on the red
cell surface (Lee et al, 1995 a). The project was completed to provide an
independent determination of any sequence difference.

The results obtained from these sequencing experiments confirm that a single
C->T substitution is highly likely to be responsible for the difference in
expression of k and K antigens as no other differences specific for either of the
two KK or the two kk sequences were apparent. However, several differences
were detected within individuals. These presented as non-complementary
nucleotides on oppasite strands of KEL ¢cDNA from a single individual. For
example, one strand may have a G at a4 particular position and the same position
on the oppaosite strand may sequence as a 1. Closer analysis of the
chromatograms rcsulting from the sequencing experiments failed to give
agreement between the two strands. These differences are detailed in Table 6.4.
1t is important 1o note that two of the differences detected on only one strand
from one individual matched with the same differences from a different
individual i.e. the nucleotide at position 1000 on the positive strand of both A.T.
(KK) and G.T.(kk) is A in both cases, whereas the published sequence has a C at
this position. The same two individuals also have a T at position 1818 instead of
the published C. Both of these sequence differences conserve the amino acid
residues i.e. the amino acid encoded at position 1000 is arginine in both cases
and the amino acid encoded at position 1818 is glycine in both cases. The other
nucleotide differences detailed in Table 6.2 appcar to be specific 1o cach
particular donor and may have occurred as a result of Tag DNA polymerase
infidelity early in the initial PCR reactions used to generate the material for
sequencing. In view of the fact that various individual PCR reaction products
were used to complete the sequence data for any donor, it is unlikely that
product from a single PCR reaction was used for sequencing the same region of
both strands.

s Tt
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Table 6.2 Inter-strand sequence differences within individuals

Donor Nucicotide Published Strand Nucleotide
Position Nucleotide Seguenced Detected

P.M. 2000 T 4 A

P.M. 1977 T : C

P.M. 1873 T - A

P.M. 1460 T G

P.M. 1227 G - A

AT. 1000 C ] A :

AT. 1818 c ' T :

AT. 2102 C + T

AT. 1548 G - C

ALT. 1576 G - A

AT. 1211 G . T ’

G.T. 908 G + A

GT. 1000 C + A

G.T. 1186 C + T

G.T. 1349 A " T

G.1I. 1626 A + T

G.T. 1673 C + G

GT. 1818 C + T

G.T. 1723 G - C

GT. 1725 G - C

G.T. 891 G - C

G.T, 168 C - G

T.C. 2252 : T

TC 2310 C + T

T.C. 1305 A - G

TG, 146 A - T

Nucleotides detected on the negative strand sequence are given as reverse
complement nucleotides.
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PCR products from four KX individuals, two Kk individuals and five kk
individuals were sequenced in the region around residue 701. Both sense and
antlisense strands from each individual were sequenced. Primers P59 and NP5
were used in these experiments and the sequences of the oligonuclcotide
primers used are shown in Table 6.1. The sequencing results obtained arc
detailed in Table 6.3.

The rcsults of sequencing clearly show the C->T change which is responsible
for the expression of the K and/or k antigen on the red cell surface. In the
cases where PCR products from heterozygous individuals have been scquenced,
it is clear that the nucleotide which has been detected at position 701 is T. This
sequence codes for the expression of the K antigen. The reason that T is clearly
detected and C is undetected in heterozygotes is because the C peaks gencrated
by automated sequencing are normally of lower intensity than any of the peaks
generated by the other three nucleotides. The 'I' signal dominates in the
chromatogram, but a smaller C signal is visiblec beneath the larger peak. The
peaks would be required to have similar intensities for the sequencer to assign
the nucloetide as N, which means that it is unable to define the precise
nucleotide present (it could be either of two nucleotides based on the peaks
detected). The prescence of both peaks at this postion strongly suggest that the T
sequence is present in a proportion of the PCR product molecules and the C
sequence is present in the remainder of the PCR product molecules.
Homozygous samples have only a single clear peak of either C or T at this
position. This has been illustrated in Figure 6.2.

6.4 Assessment of direct sequencing techniques

As mentioned above, scveral different techniques were assessed in order to
establish the most suitable method for the direct sequencing of PCR products.
All of these techniques had associated problems and, on the basis of the initial
results obtained, automated direct sequencing was determined to be the method
of choice. 'the other methods which were assessed are detailed below and some
of the problems and the reasons for their occurrence have been discussed.

ut
Ly,




118

Table 6.3 Sequencing of sense and antisense strands of PCR
products generated from known Kell phenotype
individuals in the K/k polymorphic region.

DONOR PHENOTYPE SEQUENCEANDPOSITION
681 691 701 711
Published *
sequence TTCCTTAAAC TTTAACCGAA QGCTGAGACTTCTGATGAGT
PM KK TTCCTTAAAC TTTAACCGAA TGCTCGAGACT ICTGATCGAGT
AT KK TTCCTTAAAC TTTAACCGAA 1GCTGAGACTTCIGATGAGT 3
ST KK TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAG T i
KM KK TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAGT E
MM Kk TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAGT
AM Kk TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAGT
GT kk TTCCTTAAAC TTTAACCGAA CGCTGAGACTTCTGATGAGT
T kk TTCCTTAAAC TTTAACCGAA CGCTGAGACTTCTGATGAGT
Gl kk TTCCTTAAAC TTTAACCGAA CGCTGAGACTTCTGATGAGT
SM kk TTCCTTAAAC TTTAACCGAA CGCTGAGAC U TCTGATGAGT
AA kk TTCCTTAAAC TITAACCGAA CGCTGAGACTTCTGATGAG T

Sequences given are far the sense strand only. Results obtained for the
antisense strands were the exacl reverse complement sequences to those shown
above for each donor sample. Primers P59 and NP3 were used to sequence the
sense and antisense strands respectively in the polymorphic region (Table 6.1).

The K/K polymorphisi is present at position 701 and this is marked with an
asterisk.




Figure 6.2 Sequencing peaks generated from the automated
sequencing of PCR products derived from homozygous
and heterozyvgous individuals.

Diagrammatic representation of relative T and C peak heights obtained by
automated sequencing of PCR products. 1 indicates a single 1 peak from a
homozygous KK sample where T is the only nucleotide present at position 701, 2
indicates a single C peak from a homogzygous kk sample where C is the only
nucleotide present at position 701. 3 indicates T plus C peaks [rom a
heterozygous Kk sample where both C and T are present at position 701 and
appear as a strong T peak accompanied by a less intense, underlying C peak.
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The first mcthod investigated was Tag DNA polymerase cycle sequencing of
double stranded DNA (section 2.20.4), This method was carrried out in two steps,
the first of which was the labelling step in which the primer was extended
using three of the four deoxynucleoside triphosphates including one w-labelled
dNTP. The mixturc was then thermally cycled to produce a labelled, extended
primecr, the length of which is dependent on the template sequence. In the
second step, further amounts of all four of the deoxynucleoside triphosphates
were added along with a chain terminating dideoxynucleoside triphosphate and
the recaction was again thermally cycled., DNA synthesis during this step
continues until all growing chains are terminated. After electrophoresis of the
products on a denaturing polyacrylamide gel and exposure of the gel to X-ray
film, the sequence can be determined. This method was attempted several times
using KIL PCR products as the double stranded DNA target material. The results
obtained on all occasions were very poor. The autoradiographs which resulted
[rom these experiments completely lacked any banding pattern even after long
exposure of the gel to the film. This suggested that the sequencing primer was
not binding to the target to allow extension and termination of chains
incorporating the radioisotope. Several different PCR products of varying
guantities and different sequencing primers were used in attempts to solve this
probiem. The sequencing primers were analyvsed by polyacrylamide gel
electrophoresis and were found to give a single band, indicating that there was
no primer degradation which could give rise to problems. The cycling
parameters werce also varied to try to optimise the conditions lor usc of the
technique with the KEL PCR product targets, but none of these approaches
proved successful, It was decided that this method was unlikely to be suitable for
routine use,

2

The second approach investigated was the use of asymmetric PCR (section
2.20.2) to produce predominantly single stranded PCR products for direct
sequencing by the Sequenase Version 2.0 (TM) method. Linear (not logarithmic)
amplification of PCR products was achieved by addition of one of the two
oligonucleotide primers in large excess. As a result, large quantities of one of
the two strands of the PCR template were preferentially produced. The resulting
material was analysed on an agarose gel to confirm the prescence of single
stranded product and this was gel purified to ensure that the target material for
sequencing was of suitable quality. Single stranded material migrates [aster




than double stranded material of equivalent size on agarose gel electrophoresis.
A variety of concenltrations of target material were then used for sequencing.
The samples were electrophoresed on a denaturing polyacrylamide gel and,
after fixing and drying, this was exposced to X-ray film. The results obtained
showed that, although the control sample supplied with the kit gave rise to a
faint banding pattern, no banding pattern was obscrved with the test samples,
even when the gel had been exposed to the X-ray film for prolonged pceriods of
time. Again, this indicated a problem with either the target material or the
annealing and extension of the primer. The target material used in these
experiments had been prepared by PCR and the products had been purified to
remove contaminants which could interfere with the sequencing reaction. This
reduces the possibility of the problem having arisen from the temiplate
material. The primers used were sequence specific primers which were either
those used in the original PCR for the generation of the template or were
internal primers which had been shown to be of good quality by
polyacrylamide gel analysis as discussed above. This also reduccs the possibility
of failure of the sequencing reactions occurring as a result of poor quality
primers. This technique was also considered as unsuitable for the direct
sequencing of PCR products.

3

The third approach which was investigated was the binding of PCR products to
Streptavidin-coated Dynabeads (IM) and subscquent direct sequencing of the
bound product (section 2.20.5). The use of these beads climinated both the
necessity for centrifugation steps and the need for ethanol precipitation or
phenol extraction of the template matcrial. This technique involved
amplification of the DNA target by PCR using two primers, one of which had
been biotinylated at the 5" end during synthesis. The degree of biotinylation of
each primer was asscssed by polvacrylamide gel analysis where the
biotinylated fraction of the primer migrates more slowly than the
unbiotinylated fraction. Not all primer molecules become biotinylated during
their synthesis, This generates a PCR product which has a biotin label on one
strand and the PCR product can be bound onto streptavidin coated magnetic
beads by a biotin/streptavidin linkage, which is a very stable bond and cannot
easily be denatured. Alkaline denaturation was used to separate the
unbiotinylated strand from the bound, biotinylated strand. The bound strand
was then used [or sequencing using the Sequenasc Version 2.0 (TM) method for
single stranded targets. T'his method guarantees removal of enzyvmes,

9vRy. N
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oligonucleotide primers and unincorporated nucleotides from the target,
leaving highly purified DNA for sequencing. These experiments produced
autoradiographs which had single bands at the wells where the samples had
been loaded. This suggested that there had been some incorporation of the
isotope into the sample, but that the presence of the muagnetic beads had
prevented the migration of the samples into the gel. It is possible that the heat
denaturation step prior to loading the sample had been ineffective in releasing
the radiolabelled strand {rom the template strand which was bound to the bead.
However, this is unlikely to prevent generation of readable scquence on the
gel, as the sequencing products should be free in solution. The bound material
only serves as a template for their gencration. A possible explanation for these
results is that the sequencing reaction had failed and that residual radioactivity
present in the sample was retained in the well during electrophoresis.
However, this is unlikely. The biotinylated PCR product was analysed by agarose
gel electrophoresis prior to bead sensitisation and appeared normal. The
unbound strand from the bead sensitisation was recovered, ethanol precipitated
and analysed by agarose gel electrophoresis. The results obtained from this
showed that the single stranded DNA could be recovered. This indicates that the
biotinylated single strand remained attached to the beads and, therefore, a
target was present for sequencing. The quality of data obtained suggested that
this technique would be unsuitable for the direct sequencing of PCR products.

4

‘The fourth method used was the automated sequencing of the Dynabead (TM)
immobilised material described above (section 2.20.7). This was a logical
progression from the work which had been carried out, as an automatec
sequencer had been purchased by the Biochemistiry Department, University of
Glasgow at this time. In this case, internal sequencing primers were designed
which would anneal to the region 20 nucleotides downstream from the
annealing site of the unbiotinylated PCR primer. The reason these new primers
were synthesised was that incomplete chain synthesis during PCR may inhibit
the binding of the PCR oligonucleotide primers and, consequently, the
sequencing of PCR-generated material. The biotinylated, immobilised product
was then used as & target with the Applied Biosystems Tag DyeDeoxy Terminator
Cycle Sequencing Kit and the Applied Biosystems Model 373A automated
sequencer. PCR producis were generated using one normal and one biotinylated
primer and these were used to sensitise Dynabeads as beforc. Aliquots of these
sensitised beads were then used directly with the Tag DyeDeoxy Terminator

&




122

Cycle Sequencing Kit and the resulting mixtures were loaded onto a denaturing
polyacrylamide gecl. This was electrophioresed and analysed on the Applied
Biosystems Model 373A automated sequencer. The results obtained from this
were variable. In a few instances, short stretches of sequence were obtained.
However, these bore no relation to the published KEL cDNA sequence, The
reasons Jor the occurrence of these results is unknown. In most cascs no
sequence information showing similarity to thc published KEL cDNA sequence
was obtained. The reasons for this are likely to be the same as those discussed in
3 above.

S

The final method, and the method which was chosen for use, was the automated
direct sequencing of PCR products (section 2.20.6). Initial results obtained from
this were poor but, after discussion of the protocol with Mr Gary Mallinson of
IBGRL, the optimum conditions for the direct sequencing of PCR products were
established and sequencing was performed to give the results detailed above.
‘This work was carticed out with the help of Mr Peter Martin of IBGRL. A fault in
the sensitivity of the sequencer in Glasgow could not be resolved during the

project, neccssitating the use of the IBGRL facility.
6.5 Conclusions

The results detailed above are clear evidence to support the published data that
the K/k polymorphism is caded for by a single C->71 substitution at position 71
(Lee et al, 1995 a). No other sequence differences were detected when PCR
products from two KK and two kk individuals were sequenced completely on
both strands, although inter-strand differences were detected within
individuals. These were likely to have arisen as a result of infidelity of the Taq
DNA polymerase, as discussed in section 6.3. The results obtained from the work
described in this section have proved to be clear cut and do not give rise to any
questions regarding the basis for the K/k polymorphism.




SECTION 7

Development of a PCR-based assay for KEI
genotyping




123

SECTION 7 Developmcent of a PCR-based assay for KEL gcnotyping

7.1  Devclopment of a PCR-based KEL genotyping assay

The introduction of the PCR technique marked an important turning point in
transfusion science. It has allowed the development of diagnostic assays for the
determination of blood group phenotypes by investigating directly the genetic
material. This is of benefit in cases where rare antisera are unavailable or
where oniy small numbers of cells are available for typing, such as foetal
samples being investigated where HDN is implicated. The development of such a
technique [or Kell and Cellano Lyping is described in this section. The assay is
based on the fact that the polymorphism which determines Kell and Cellano
arises from a single nucleotide sequence difference, creating a Bsm 1
restriction enzyme site (section 6 and lLee et al, 1995 a). This site is generated
only when the T (Kell} nucleotide is present at position 701 (section 6). The
larget material used in this investigation was total genomic DNA which can be
isolated rapidly from small samples and in microgram quantities suilicient for
use in PCR. The resulting PCR products can then be digested with Bsm |
resiriction enzyme and analysed by gel electrophoresis.

7.2 Rationale of the assay

The development of a PCR-based genoiyping assay for determination of K/k
status was an important aspect of this project. It has allowed the establishment
of an alternative to traditional serological techniques whereby small samples of
blood, such as ante-natal samples, could be used for the purposes of
unambiguous Kell typing.

7.2.1 Preparation of the target DNA

Several methods for the preparation of total genomic DNA were assessed in the
course of this work. The criteria on which the assessment was based were the
vield of total genomic DNA obtained per millilitre of whole blood; the amount of
time required to complete the preparation; and the quality of the target
matcrial obtained with respect to generation of PCR products. From initial
experiments, it was evident that the method which fulfitled all of the criteria
was the technique described in section 2.22.2 (Miller et al., 1988}, This method
was used in the preparation of all of target material used in this section.
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7.2.2 Selection and design of oligonucleotide primers

Three factors were taken into account when designing the oligonucleotide
primers for use in this assay. Firstly, primers were selected which would anneal
10 exon sequences within the KEL gene. The reason for this was that the exon
sequences are less likely to exhibil sequence variation between individuals
than are intron sequences. Therefore, choosing primers which anneal to exon
seguences maximises the likelihood of the primers annealing to all the total
genomic DNA targets used. The second fuctor was the expected sizes of the PCR
products which would be generated using the chosen oligonucleotide primers.
This was important as two products were co-amplified, each of which was to be
cleaved by digestion with Bsm I, and had to be resolved hy gel electrophoresis
without ambiguity (section 7.2.3). The third factor which was taken into
account was the nucleotide compostion of each primer. The A+T : G+C ratio was
carefully chosen to ensure all four primers used in the reaction had similar
melting points to optimise the chance of co-amplification of the two PCR
products (‘l'able 7.1).

7.2.3 Restriction enzyme digestion of PCR products to allow
genotype determination

The presence of the gene encoding the Kell antigen implies a T residuc at
nucleotide postiton 701 (section 6, Lee et al, 1995 a). This gives risc to a Bsm 1
restriction site which is absent from the gene encoding the Cellano antigen.
This sequence difference formed the basis of the assay, as Bsm 1 digestion of a
PCR product which spans nucleotide 701 would allow the determination of the
presence of gene sequences encoding K and/or k antigens. Two oligonucleotide
primer pairs were designed, one which spans the K/k polyvmorplic site, and a
second which spans a scparate Bsm I site (the presence of which is independent
of K/k status). The amplification of the conserved Bsm I site and its subsequent
digestion acts as a control for the test (scction 7.3).

7.2.4 Analysis of restriction enzyme digests by gel
electrophoresis

The digested PCR products described in section 7.2.3 had to be sufficiently
different in size to be resolved by gel analysis. The primers chosen allowed the
co-amplification of two fragments of approximate sizes 600bp and 86(0bp.




Table 7.1
PRIMER
NUMBER
Di

12
8
D4
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Oligonucleotide primers used in the KFEL

genotyping assay

SEQUENCE

AGGTCCAGAATTCCTGGCACC
CIGGATGACIGGIGTGTGTGG
CACGAGCTGTITGCACAICTTC
AAGAAGATCTGCTGGGGGCTG

POSITION

524-544
795-775
1864-1884
2144-2124

Position refers to the KEL ¢DNA nucleotide sequence numbered as previously
reported (Lee ct al,1991).

One set of primers (D1 + D2) was designed to span the K/k polymorphic site at

701 and the second set (D3 + D4) amplifies a region containing a conserved Bsm
I site {Figure 7.1).
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Digestion of each of these fragments by Bsm I generated two [ragments. The
600bp fragment gave rise to 500bp and 100bp digestion products, and the 860bp
fragment gave rise to 395bp and 465bp digestion products. These fragments
could be resolved on a 2% agarose gel (section 2.8}, This allowed a rapid analysis
of results, a factor which is prerequisite in any trans{usion science diangnostic
test.

7.3 Results of PCR-based KIL genotyping

Total genomic DNA was isolated from samples of anticoagulated whele blood as
described in section 2.22.2. This method was used because the final product can
be obtained within 24 hours and the resulting material is of suitable quality and
adequate yield for use in a diagnostic assay as discussed in section 7.2.1. The
resulting DNA samples were resuspended in TE buffer (section 2.2}, the A0
medasurements were taken and the DNA concentrations estimated assuming that
an Aze0 of 1 is equivalent to 50pg/ml of total genomic DNA (Sambrook et al.,
1988). 1ug of this DNA was then used as a target for PCR, following the protocol
described in section 2.7.4, with the exception that 609C was used as the
annealing temperature. Two sets of PCR oligonucleotide primers were used in a
single reaction as discussed in section 7.2.2 (Table 7.1). It is possible that the PCR
products generated could contain 7ag DNA polymerase misincorporations
which would alter Bsm [ restriction enzyme sites thus preventing digestion. The
use of 1pg of target material ensures that, even if a misincorporation occurs in
an early round of the PCR, then this will only represent a small proportion of
the overall product and should not lead to misinterpretation of the donor's
genotype.

The products amplified span nucleotide residucs 524-795 (K/k polymorphism is
at nucleotide position 701) and 1864-2144 on the KEL cDNA sequence. However,
intron sequences are also amplified when the oligonucleotide primers are used
with total genomic DNA as a target. These increase the sizes of the final PCR
product to approximately 600bp and 860bp respectively (Table 7.2 and Figure
7.1).




Table 7.2

PCR
FRAGMENT

524-795
1804-2144
1864-2144

Sizes of KFEL fragments gcnerated by PCR

INTRON
SITH

048
1894
2064

APPROX,
INTRON SIZE

330bp
230bp
350bp

APPRCX. PCR
FRAGMENT SIZE

o00bp
860bp
860bp

Numbering is based on the KEL ¢DNA nucleotide sequence as previously

reported by Lee et al, 1991. Intron positions, derived from Lee et al 1995 b, are

corrected from those published to conform to the numbering published by Lee

et al. 1991. Intron lengths are as stated by Lee ef al, 1995 b.




Figure 7.1 Diagrammatic representation of the KFEI gene and
the regions amplified by PCR

Diagram of the KEL gene. Exons are numbered 1 to 19. PCR products amplified
using primer pairs D1+D2 and D3+D4 (Table 7.1) are the 600bp and 860bp
fragments. The 600bp fragment spans exons 5 and 6, and intron 5. The 860bp
fragment spans parts of exons 16 and 18, and all of exon 17 and introns 16 and
17.The positions of Bsm 1 sites within the two PCR fragments and the expected
sizes of the digestion products are indicated.
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The PCR products, which were gencrated using total genomic DNA samples [rom
a control Kk sample and the two primer pairs, were digested with Bsm I for 1
hour at 559C, 2.5 Units of enzyme were used in 20ul digests (section 2.12). The
total digests were electrophoresed on a 2% agarose/TBE gel (section 2.8). Figure
7.2 illustrates the results expected on Bsm I digestion of each of the fragments
generated from PCR using the oligonucleotide primers detailed above and a
control Kk sample.

The inclusion of the 860bp internal control serves two purposes. The first is
that the 860bp product always contains a Bsm I site irrespective of the Kell
status of the donor and, hence, it monitors the activity of the Bsm I restriction
enzyme. Such a control is essential as a 600bp fragment from thc high
incidence kk phenotype lacks the Bsm 1 site and, as a result, will remain
undigesied. Therefore, in most cases the final product of the assay will be the
intact 600bp fragment resulting from genomic DNA of the kk phenotype. The
same pattern would be detected for KK and Kk samples if inactive Bsm [ had
been used for the digest and this would result in the mis-diagnosis of the Kell
status of the donor. Failure of digestion of the 860bp product would indicate a
problem with the enzyme and the test could be repeated. The second purpose is
to illustrate that the digest has rcached completion i.e. that all possible Bsm 1
sites have been digested by the enzyme. If insuflicient cnzyme had been added
or the activity of the enzyme was significantly reduced and the reaction has not
gone o completion, then the banding pattern obtained from a partially digested
KK sample would resemble that from a completely digested Kk sample. The
incorporation of the control product would shaw the presence of some residual
800bp band in this situation. This would rcduce the possibility of
misinterpretation of genotype as a result of incomplete digestion.

Samples of total genomic DNA were prepared from each of live kk, Kk and KK
donors. 1pg of each of these samples was used in PCR as described above. 10ul of
each of the 100p]l PCR reaction products were then digested as detailed above and
the digested material was analysed by gel electrophoresis. 10ul of each of the
undigested PCR products were electrophoresed for comparison. PCR controls
included one reaction containing all constituents with the exception ol target
DNA and a second reaction containing all constituents with the exception of
oligonucleotide primers. These controls eliminate the possibilily of non-
specific products being amplified as a result of contamination of any of the
reaction constituents. lug of a 1 kb DNA ladder (Gibco BRL) was used as a size




Figure 7.2 Agarose gel analysis of restriction enzyme digests of
KEL PCR products amplified from genomic DNA from a
Kk donor

2% agarose gel of undigested and Bsm T restriction enzyme digested PCR
products, Track I contains 1 kb DNA ladder size marker, track 2 contains
undigested 600bp PCR product, track 3 contains Bsm | digest of 600bp PCR
product, track 4 contains undigested 860bp PCR product, track 5 contains Bsin I
digest of 860bp PCR product, track 6 contains undigested 600bp plus 860bp PCR
products and track 7 contains Bsm I digest of 600bp plus 860bp PCR products.
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marker and a digest of the two fragments amplified from a knhown Xk control
sample was included to allow direct comparison with bands generated in the test
samples (Figure 7.3 a,b,c).

The results shown in Figure 7.3 are evidence that this assay yields unambiguous
K/k genotyping results. This could be used confidently in & routine situation as
the results obtained are ecasily interpreted and the controls included in the
assay would give strong indicators to the source of any problems which may
arise through its use,

~
£

Piscussion

Other methods which could have been used to obtain genotype information
include RFLP analysis using genomic DNA. This is a method whereby the DNA is
directly digested with a restriction cnzyme and the digested material is analysed
by Scuthern blotting. This is a very time consuming technique which does not
always give unambiguous results. The assay described in this section is based on
RFLP analysis of PCR products and this yields more precise information than
RFLP on genomic DNA, Another method which could have been adopted was the
use of mismatch analysis where the strands of double stranded control PCR
products are alkali-denatured and are mixed with similarly treated test sample.
The strands are then allowed to reanneal to form homoduplex and some
heteroduplex molecules. These are then gel electrophoresed and differentiul
migration of the two types of molecules allows genotype determination. This
method may not always yield definitive information depending on the
resolution obtained in different gel analyses. Genotyping can also be performed
using allele specific primer PCR (section 1.4). This method involves the
synthesis of three oligonucleotide primiers, one of which anneals at a position
which is remote from the polymorphic site and two which are identical in
sequence with the exception of the extreme 3’ nucleotide. One of the two
oligonucleotide primers has the 3' terminal nucleotide specific for one
genotype and the other has the 3' terminal nucleotide specific for the opposing
genotype. Two separate PCR reactions are then performed, each containing the
non genotype specific oligonucleotide primer and either of the two genotype
specific oligonucleotide primers. The PCR primer will be extended only when
the 3' terminal nucleotide is complementary to the target sequence. The
prescnce or absence of detectable PCR product by gel analysis then allows
genotype determination. This method would have been a suitable ulternative




Figure 7.3 Agarosc gel analysis of co-amplified diagnostic PCR
products digested with Bsm I

The top figure (Figure 7.3 a) illustrates the results obtained using the djagnostic
assay with samples derived from five independent Kk donor samples.

The middle figure (Figure 7.3 b) illustrates the results obtained using the
diagnostic assay with samples derived from five independent Kk donor samples.

The bottom figure (Figure 7.3 c¢) illustrates the results obtained using the
diagnostic assay with samples derived from five independent KK donor samples.

The gels shown in all three figures were as follows:-

Track 1 contains 1 kb DNA ladder marker, track 2 contains undigested Kk
control PCR products, track 3 contains Bsm [ digested Kk control PCR products.
Tracks 4, 6, 8, 10 and 12 contain undigested PCR products from five different test
samples, tracks 5, 7, 9, 11 and 13 contain the corresponding Bsm I digested PCR
products from these five test samples. Track 14 contains the PCR control which
had no DNA target added and track 15 contains the PCR control which had no

oligonucleotide primers added.

The sizes of the markers and of the diagnostic DNA fragments are shown.
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technique to the assay described in this section. Iln view of the problems which
may arise in the use of the first two alternative technigues discussed above, the
PCR-based RFLP assay was the method of choice for genotype determination in

donor samples.

The results described in carlier parts of this section deal purely with the
investigation of KK, Kk and kk known phenotype samples. The reason for using
known phenotype donors was that the likelihood of obtaining sufficient KK and
Kk samples from a small random selecton of donor samples is extremely small
in view of the low incidences of these phenotypes. Therefore, in order to
demonstrate that the assay works equally well for all three of these common
phenotypes, samples of pre-determined Kell status had 1o be used. Samples of
more unusval phenotype blood, such as Ko and Kmod, have not been assayed by

this method, This will be discussed in section &.

The assay described in this section has been shown (o give unambiguous results
for K/k genotyping when using total genomic DNA as a target. This would be
particularly useful for ante-natal K/k typing in cases where IIDN is implicated.
The assay is rapid and reasonable numbers of samples could be dealt with at any
onc time. Total genomic DNA can be prepared from blood samples and stored in a
stable form for long periods of time. This facilitates the planning of work
where K/k typing is not to be performed with any degree of urgency, or where
repeat tests may be reguired at a later date. This method of Kell status
determination is extremely sensitive and reduces the possibility of mis-typing
where weak reactions are oblained by traditional serological methods. The
interpretation of the results obtained wsing the PCR-based genotyping method
is straighiforward and leaves little space for error, making this a very user-
friendly technigue.

The development of this genotyping assay illustrates the importance of the use
ol molecular biology techniques in the field of transfusion science. It is a rapid
technique which yields conclusive data regarding the Kell genotype of the
donor, enabling clinical decissions to be made with a great degree of
confidence. A battery of similar assays for other blood group systems could
allow the establishment of a panel of fully typed donors who could be ralled on
in emergencies. Therefore, molecular biclogy methods are being established as
important techniques with respect to patient care.
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SECTION 8 General discussion

8.1 Amplification and cloning of KEL PCR products

A C OO

8.1.1 Isolation of total RNA (rom blood

The results discussed in section 3 described the isolation of total RNA from

samples of whole blood and the amplification and cloning of KEL PCR products
from a Kk donor. Several methods for the isolation of total RNA from whole
blood were investigated belore the AGPC method, described in section 2.4.1, was

chosen for use (Chomczyunski et al, 1987). The other technigues which werce
assessed included two methods reported by Wai Kan et al. and Temple et al. (Wai
Kan et al, 1975, Temple et al., 1977). The Temple method is based on the usc of a
buffer which will Iyse the red cell population, icaving the lcukocytes intaci.
The RNA is then precipitated from the lysate at low pH and purified using
phenol/chloroform. The Wai Kan method again involves lysis, this time of the

total cell population, and low pll precipitation. The resulting precipitate is
treated with a buffer containing ‘I'ris-HCI (pH 8.0), NaCl, SDS and NazEDTA and
the RNA is isolated by phenol/chioroform extraction. Three kits were also
assessed for their ability to yield reasonable quantities of total RNA of a suitable :
quality Tor use in RT-PCR. These included the Nucleon kit (Scotlab), the RNAzol
B kit (Biogenesis) and the TRIzol kit (Gibco BRL). All three methods were baged
on the method of Chomczynski et al, but they are designed for use with small

sample volumes. All of these mcthods proved less successful than the AGPC
method in the isolation of microgram quantites of total RNA suitable for use in _
subsequent work, as they allow the processing of only microlitre quantities of ‘“
whole blood and thus yield only small amounts of RNA. This was unsuitable for
the initial developmental stages of the project, where optimum conditions for
subsequent cxperimental procedures were to be established. It was concluded
that the AGPC method was the one of choice in view of the fact that up to 60ml of
whole blood could be processed at any one time. This allowed the isolation of
microgram quantities of total RNA which could then be stored at -700C for use

when required.

8.1.2 Reverse transcription of total RNA

‘Total RNA was used as a target in reverse transcription and, as described in
section 3.3, two different approaches were adopted. The reason for this was that
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full length first strand KEL cDNA could not be obtained using MoMulV reversc
transcriptase. The most likely explanation for this is that the KEI. RNA target
material contains some secondary stiruclure in its central region which
prevents reverse lranscription through this area with MoMulV reverse
transcriptase. When AMV reverse transcriptase was used, transcripts of
adequate length were obtained. The use of AMV reverse transcriptase allows the
reverse transcription reaction to be performed at a higher temperature {(429C
instead of 379C with MoMulV reverse transcriptase). The use of a higher
temperature reduces the secondary structure and, in this case, may have
eliminated the problem.

8.1.3 Choice of donor for initial work

‘Ihe reason for using a hetcrozygous donor for the initial stages of the project
was that the donor was willing to donate blood samples whenever required. This
allowed all the developmental work to be carried out on samples from a single
donor and eliminated differences which may arise betwecen donors. There are
both problems and advantages with using a hetcrozygous donor. ‘The problems
arise mainly as a result of cloning individual PCR products. The target material
used for the PCR reaction would have contained both K and k scquences and,
when the resulting products were cloned, it would be impossible to determine
which of the K or k scquences was present in each individual clone. In order to
distinguish between the two, many different clones would have to be
completely sequenced to distinguish true sequence differences from
differences which had arisen as a result of Tag DNA polymerase intidelily
(section 8.4.1). This was the main reason for the choice of direct sequencing of
PCR products later in the project. This technique reduces these problems, as a
population of PCR products is sequenced at any one time.

An advantage of using a heterozygous donor lor the initial work is that, in
hybridization studies for either in situ work or probing of Southern blots,
material from different clones could be used as probes. This would have been
important if the K/k polymorphism arose as a result of major sequence
differences. Under such circumstances, the K sequence probe may not
hybridize to a k sequence target, and vice versa. Using clones derived from a
heterozygous individual increases the chances of hybridization of at least a
proportion of probes to the target sequence.
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The use of a heterozygous donor for the initial work has not posed any problems
with respect to the progress of this project and it has proved useful with respect
to obtaining regular samples.

8.1.4 General points

The cloned material allowed the work described in sections 4 and 5 to be
performed and it also allowed RT-PCR conditions to be established. This
facilitated experiments described in scctions 6 and 7. It is clear that the work
described in scction 3 was fundamental to the progression ol this project.

8.2 KEL gene localisation by in situ hybridization

The results obtained from the in situ hybridization experiments were based on
the hybridization of the 3* half of the KEL cDNA to the gene locus. The cloned S°
half was also used as a probe, but the signals obtained were extremely weak and
no definitive information could be cstablished as a result, The evidence
obtained from use of the 3" half probe was sufficiently strong to allow definite
mapping of the genetic locus on chromaosome 7.

The information which arose from this part of the project gave clear
assignment of the KEL locus to chromosome 7q33-q35. This refined previous
assignments and the results were reinforced by a report simultaneously
published {Lee et al, 1993). The samc basic techniques were used for both
investigations, but this project involved the use of intact human chromosomes
to determine the site of probe hybridization and confirmation of the
assignment was by PCR on somatic cell hybrid DNA. Lee et al used a
radiolabelled KEL-specific probe to hybridize 10 somatic cell DNA panels {Lee et
al, 1993). The fact that the two independent sets of mapping work gave the same
result is a good iltustration of the use of different routes o arrive at the same
final conclusion.

This section of work provided conclusive results on the location of the KEL gene
on chromosome 7. These correlated well with previously published work by
other groups (Zelinski et al, 1991 a, Purohit et al, 1992) and with the data
published by Lee et al, (Lee et al. 1993). KEL is not the ouly blood group gene
which has been assigned to chromosome 7. Others known 1o be present on
chromosome 7 include Colton and Cartwright (Tsui et al., 1991).




134

8.3 The basis of the Kg phenotype

The results obtained from the Southern blots have alrecady been discussed in
detail at the end of section 5. As reported, these resulls did not permit positive
conclusions regarding the basis of the Kg phenotype. The only conclusion
which could be drawn was that this particular example of Ko does not appear to
arisc as a result of a major genc deletion or a complete absence of the gene. This
has becn reported by two groups of workers where RFLP analysis and DNA
sequencing, respectively, showed no differences between Ko and normal Kell
phenotype individuals (Lutz et al, 1992, Lee et al., 1995 a). Sequencing of the
cDNA [rom several Kp individuals is the most appropriate way of determining
the differences between the KO and normal KEL genes, and this has shown that
no ditferences are present in the coding sequences of two Ko individuals (Lee et
al., 1995 a). This leaves at least three possible explanations for the lack of Kell
antigens in these individuals. The first is that errors in, or failurc of,
transcription do not allow the development of a normal antigenic Kell protein
on the red cell membrane. This theory could be investigated by analysing KO
mRNA. If this was shown to be different from mRNA from normal phenotype
individuals, then a transcription error is a possible explanation. However, it has
recently been reported that two Ko individuals contain KEL mRNA in
peripheral blood and that the sequence of this is identical to the mRNA coding
sequence obtained from individuals with normal Kell phenotypes, discounting
this explanation (Lee et al, 1995 a). A second explanation is that a separate gene
has & post-transcriptional effect on the development of the Kell protein and its
insertion into the red cell membrane, This would be similar to the repressor
type of Rh null (section 1.5), where a double dose of a repressor gene is
inherited, preventing the expression of Rliesus antigens. A third possible
explanation is that thc expression of all Kell antigens is depcndent on
glycosylation, It would then follow that the Ko phenotype could arise as a result
of a fault in glycosyl transferase enzymes, which would result in a lack of
glycosylation of the Kell protein and, hence, lack of expression of Kell
antigens. Two groups of workers have reported that Kell and Cellano antigen
expression is not dependent on glycosvlation, but this will be discussed further
in section 8.4.3 (Marsh et al., 1990, Murphy et al, 1993).

Due to the conflicting results which arose from Southern blotiing studies, it was
decided that, in the interest of the progression of the project, this should be
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abandoned in favour of the DNA sequencing experiments. These experiments
vielded important information regarding the basis of the K/k polymorphism. &

8.4 Automated sequencing of KEL cDNAs

8.4.1 Problems caused by 7Tag DNA polymerase infidelity in point

mutation analysis

Tag DNA polymerase infidelity is an important factor which must be taken into

account when sequencing PCR products, cither directly or after cloning. The
reason for this is that Tag DNA polymerase does not exhibit the proot-reading :
3'->§" exonuclease activity present in other DNA polymerase enzymes, such as
E. coli DNA polymerase | and T4 DNA polymcrase (Tindall et al, 1988). These E
workers reported that 7Tag DNA polymerase inserts a single wrong nucleotide at
arate of 1 for each 9000 nucleotides polymerised in a PCR reaction. Saiki et al
report work in which they observed a cumulative error frequency of about
0.25% after 30 cycles of PCR (Saiki et al, 1988).1t follows that, when amplifying
two approximately equal sized ¢cDNA KEL fragments of around 1200bp, then
three misincorporations might be expected to arise in cach fragment. This has
important implications when sequence differences between individuals are to
be established. As already mentioned in section 6, sequencing of individually
cloned PCR products would not allow determinalion of true sequence
differences from Tag DNA polymerase misincorporations, Direct sequencing of

PCR products should eliminate, or at least substantially reduce this problem, as a
population of PCR products is sequenced at any one time, Many copies of target
material are present in the first round of a PCR and this means that, even if the
misincorporation has occurred in the first PCR cycle, then it will arise in a tiny
proportion of the product population. As a result, the possibility of the "wrong"
nucleotide heing assigned as the true sequence will be reduced on

interpretation of the results of direct sequencing. This is particularly
important when novcl sequence determination is being undertaken. It is likely
that, when misincorporation does occur, that it will occur at different positions “
in each PCR reaction. Therecfore, comparison of the sequencing results {rom
more than one PCR reaction derived from any one individual should enable the
determination of any misincorporation sites. This is the major factor for the
decision to choose direct sequencing of PCR products for the investigation of

the genetic basis for the K/k polvmorphism in this project.
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8.4.2 Assessment of technigques for mismatch analysis

In order to cstablish a suitable protocol for identification of sequence
differences between PCR products derived from different individuals, several
techniques were assessed. These have been discussed in some detail in section
6.4. This took a substantial amount of time, as techniques were repeated and
adapted several times in order to try to improve the results obtained. In view of
the fact thut most of these methods gave very poor results, alternative
techniques which could reduce the amount of sequencing required werce
investigated. These included single strand conformation polymorphism analysis
{8SCP) (Kovar et al, 1991, Hayashi, 1992, Fan et al,, 1993, Hongvo et al., 1993,
Sckiya, 1993), denaturing gradient gel electrophoresis (Caricllo et al., 1993,
Ganguly ct al, 1993) and the chemical clcavage of mismatches (CCM) technique
(Roberts et al, 1989, Dr S. Bidichandani-Personal Communication). After
discussion with workers at the Duncan Guthrie Institute of Medical Genetics
(Yorkhill, Glasgow), wherc these techniques are used routinely, it was decided
that the most appropriate method for the purpose of determining sequence
differences betwcen the ¢DNAs encoding Kell and Cellano antigens was
chemical cleavage of mismatches. This would pinpoint the region in which a
mismatch has occurred between the K and k sequences. The other two methods
were discounted as they may detect only S0% of mismatches and this could lecad
to conflicting results between samples. Use of the CCM technique should reduce
the amount of sequencing required to determine the K/k polymorphism, as it
allows the determination of the points at which there are differences between a
reference and a target sequence. Once the positions of the differences have
been established, a region of only 100-200 nucleotides around this point can be
sequenced to define the nucleotide substitution. This method uses some of the
chemical cleavage reagents employed in Maxam and Gilbert sequencing
(Maxam ct al, 1977). A reference cDNA, Kk in this case, was 5" end radiolabelled.
Therealter, the double stranded reference molecule was alkali-denatured and
mixed with a similarly denatured, unlabelled test molecule. The strands werce
allowed to renature, generating homoduplex molecules of reference and test
samples, and a proportion of heteroduplex molecules consisting of one labelled
reference strand and one test strand. The resulting mismatched nucleotides
were then chemically modified using piperidine and the modified sites were
cleaved using osmium tetroxide. The sample was electrophoresed on a
denaluring polyacrylamide gel along with size markers. With knowledge of
which end of the reference sequence had been labelled, and by comparison of
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the band size with the size markers, the region containing the mismatch can be
defined. The appropriate region can be sequenced using a sequence specific
oligonucleotide primer. This is a particularly unpleasant method with respect to
Health and Safety procedures, as use of most of the chemicals requires cxtreme
care. This method was attempted on several occasions, but the results obtained
gave eitlier no bands on the autoradiograph or a ladder of bands which should,
in principle, ncver arise. Only a single band should be detected per (rack, as
scission of the heteroduplex should release one radiolabelled and one uniabelled
fragment. This technigue was abandoned in favour of direct automated
sequencing of PCR products derived from individuals of known K/k phenotype.

8.4.3 Implications of automated sequencing results

The results described in section 6 provide evidence that a single C->T
substitution at nucleotide position 701 is responsible for the difference in
expression of the k and K antigens. This work was in progress when the report
of Lee et al. was published (Lee et ai, 1995 a). The results of this project have
given independent confirmation of the polymorphism. The intron-exon
boundaries and exon sizes within the KEL gene have alse been published and
this has shown that nucleotide 701 is present in exon 6 of the 19 exons which
constitute the KEL gene {Lee er al, 1995 b). This single nucleotide substilution
encodes a threonine to methionine change, which is likely to prevent
N-glycosylation of the asparagine residue at a consensus N-glycosylation motif
{Asn X Thr->Met) and creates a Bsm I restriction enzyme site in the K sequence.
Lee et al report that this change in glycosylation reduces the apparent
molecular mass of the Kell protein from 93 kDa to around 90.5 kDa and, as a
result, suggest that the change in glycosylation of the protein, resulting from
the presence of the cDNA sequence encoding the Kell antigen, may be
responsible for the difference in antigen expression (Lee et al, 1995 a).
However, work presented in this thesis and data published by Marsh et al point
strongly to a polypeptide-related basis for differences in antigen expression
{Marsh et al, 1990, Murphy et al, 1993). This has been discussed in section 8.3 .
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8.5 PCR-based diagnostic assay

8.5.1 Reasons for the development of a PCR-based diagnostic assay

The development of u PCR-based diagnostic assay was an important aspect of the
project in relation to patient care. The assay development proved to be
straightforward and has provided a method which will prove useful in a variety
of situations, including antenatal K&L genotyping and Cellano typing in
situations where reagents may be expensive. This assay can also be used to
confirm donor samples which type as KK by traditional serological techniques,
in order to establish a panel of KK donors which can be called upon to donate in
situations where substantial volumes of KK blood are required at short notice.
The assay is rapid, easy to apply and yields results which can be readily
interpreted. It also has inbuilt controls which should bhelp pinpoint any
problems, should they arise.

8.5.2 Problems associated with the use of a PCR-based diagnostic
assay

Possible problems with this technique may arise when individuals expressing
the Ko or Kmod phenotypes are investigated. Neither of these phenotypes have
been assessed in the course of the development of this assay, but results
reported by Lee et al. show that the coding sequence of the KEI gene in the Ko
individuals studied had complete homology with that of kk phenotype
individuals (Lee et al., 1995 a). It follows, therefore, that these rare individuals
would type as kk by this assay. This would not be important for a recipient of
this unit of blood, but could have serious implications for the Ky person who

was typed in this manner and was subsequently transfused with kk biood.

8.6 Major problems encountered in the course of the project

In the latter stages of the project the use of the AGPC method for the isolation of
total RNA became problematic due to apparent RNase contamination. Normal
A260 values were obtained, but gel analysis of the RNA showed a bright patch
uear the bottom of the gel, with no detectable RNA smear or ribosomal RNA
bands. The source of the contamination could not be determined despite
attempts to prepare RNA in three different laboratorics using freshly prepared
reagents and DEPC treated/heat treated cquipment. Use of the other methods
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described in section 8.1.1 failed to solve the problem, but sufficient undegraded
total RNA was isolated from the contaminated samples to allow completion of the

project.

The second problem resulted from the purchase of a Perkin Flmer 9600 DNA
Thermal Cycler. This cycler was purchased as it was the only model which had
been licensed for diagnostic purposcs. Several months were spent attempting (0
optimise the conditions for use of this picce of equipment. Every aspect of the
PCR reaction was varied, but the largest fragment which could be amplified was
approximately 800bp. This was at least 300bp smaller than either of the KEL-
rciated products which could be amplified routinely using a basic model Perkin
Elmer DNA Thermal Cycler. This problem could not be solved by product
specialists and, as a result, the remainder of the PCR reactions for this project
werce performed on the basic Perkin Elmer model used successfully in earlier

work.

The third major problem cncountered involved the use of the Applied
Biosystems automated sequencer in the Department of Biochemistry at the
University of Glasgow. A scensitivity problem appeared to be the cause of failure
Lo obtain good guality data from this sequencer. Duplicate sumples sequenced at
IBGRL in Bristol gave good sequence data, but the Glasgow-based machine failed
to yiekl any sequence information due to poor maintenance and a
malfunctioning laser. The cycle sequencing kit, the thermal cycler used for the
sequencing reactions and the gel constituents were each varied on different
occasions, However, no sequence data could be obtained. A proportion of the
cycle scquencing kit used in Glasgow was also used in Bristol and good data was
obtained. It was concluded that the problem with the Glasgow-based machine
was one of detcction sensitivity. The reason for this was that the signal
strengths for each of the four peaks were very low. Poor signal intensity was
also indicated by the fact that the gel image which could be visualised on a
computer screen was dark. The kit control sample gave short stretches of
sequence in each case (200-250 nucleotides). The sequence obtained for the
control was correct, but the length of the sequence obtained was much shorter
than expected (by approximately 400 nucleotides). Direct sequencing of PCR
products by this method uses only small amounts of specific target and should,
therefore, give good data, as there is no other target scquence present for
possible mispriming to occur. The fact that the results obtained in Glasgow were
so poor is a strong indication to a mechanical faull in the machine. The low
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peak intensity suggests that the signal detected by the laser is too weak and
that, as a result, the information transferred to the computer is poor.

8.7 Major findings arising from this project

The results obtained from this project have illustrated how molecular biology
techniques can be used to investigate the genetic basis of a blood group system.
The project has allowed relfinement of the location of the KEL gene on
chromosome 7, it has independently confirmed the genetic basis for the
difference belween K and k antigens on the red cell surface and it has allowed
the development of a PCR-based diagnostic assay For K/k genotyping. Another
aspect of the Kell blood group system which was investigated was the genectic
basis for the K¢ phenotype. Although the results obtained from this section of
the work proved difficult to interpret, they indicated that the particular
example of Ko under investigation carried a KEL gene which was at least similar
to KEL genes from normal phenotype individuals. This is in agreement with
work published by two other groups, as discussed in section 8.5,

8.8 Tuture work

The work carried out in the course of this project has provided a good basis for
the continuation of the investigation of the Kell blood group svstem. [t
constitutes the initial step which may lead to the determination of the genetic
basis for the expression of other antigens within the Kell blood group system,
particularly the Jsa/1sb and the Kp/ Kpb allelic sets. The role of glycosylation
with respect to antigen expression, although reported to be independent of the
expression of the K and k antigens (Marsh et al, 1990, Murphy ct al, 1993), is
still to be conclusively cstablished. A recent report gives evidence that the
apparent mass of the Kell protcin may be reduced in KK individuals, suggesting
that glycosylation may be partly responsible for the differences in K/k
antigenicity (Lee et al, 1995 b). The genetic basis for the Ky and Kmod
phenotypes must be determined and, in view of the fact that Kg individuals
appear to be no different from normal Ke!l phenotype individuals with respect
1o coding DNA sequence (Lee et al., 1995 a), there may be other genes involved
which affect the expression of Kell blood group antigens in these individuals.
This is the case with repressor type Rh null in the Rhesus blood group system
(section 1.5).
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The use of the diagnostic assay described in this projoct must be investigated
with respecl to amniotic cell samples and chorionic villus samples. The use of
such gsamples has been reported for the PCR-based determination of Rhesus
phenotype (Fisk et al, 1994). Its validity with respect to rare phenotype samples
such as Ko must be determined before this technique can be used routinely.

In an attempt to produce a suitable immunogen for the production ol antibodies
against Kell system antigens, the protein could be expressed. The expression af
the Rh 32 kDa polypeptide has already been described (Suyama et al, 1993). In
this case, the ¢cDNA encoding the polypeptide was inserted into a pGEM vector
(Stratagene Inc.) and transcription/translation was performed in a rcticulocyte
lysate system. Transient expression of the polypeptide in COS-1 (Chinese
tHamster Ovary Cells) was also reported by this group. The type of system chosen
for expression of the Kell protein must be one which will allow glyvcosylation to
take place. This excludes systems such as Xenopus oocytes, where there is no
glycosylation of the translated protein. The expression of the Kell protein would
be of great benefit, as some of the Kell system related alloimmune polyclonal
antibodies are difficult to obtain in substantial gquantity by virtue of the
incidence of antigen expression. One report of expression of the Kell protein in
COS-1 cells was recently reported, indicating that significant progress could be
made with this line of investigation (Russo et al, 1994). There is, therefore,
sufficient scope for the continuation of this project, as a greal deal of
information is yet to be uncovered,




SECTION 9

Publications arising from the project
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for the expressiont of Kell and Cellano antigens on the red cell surface.

Margo T. Murphy, Robin I1. Fraser and John P. Goddard.

Submitted to Transfusion Medicine in September, 1995.
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Development of a PCR based diagnostic assay [or the determination of Kell
genotype in donor blood samples.
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Abstract. The geae encoding the Kell blood group poly-
peptide hus been localized to chromosome 7¢33-35 by in
sitn hybridization using a biotinyfated 1.1-kb DNA frag-
mepl containing the 37 half of the human cDNA. This as-
signmenl is in accord with genetic localizalion nsing anti-
genic variation as a marker, and suwongly suggests that
Kell antigenic determinants are part of the polypeptide
chain rather than the associated sugar molecules.

Introduoetion

The Kell blood group protein is a 93-kDa membrane gly-
coprofein found in human erythrocytes (Redman et al.
1986). Antigens associated with this protein are particu-
larly immunogenic: antibodies to Kell system antigens
have been implicated in several cases ol hasmolyiic dis-
ease ol the newborn and can cause scverc trans(usion re
actions if’ incompatible red cells are introduced (Marsh
and Redman 1990), The antigenic complexity displayed

by the Kell blood group system is thought to be due Lo
* variation in the polypepiide chain as opposed to differ-
. ences iu glycosylation of the protcin (Marsh and Redman
1990), aithough this has not been well defined.

The complementary DNA (¢cDNA) encoding the Kell
blood graup polypeptide has been cloned and 118 sequence
shows lomology to a family of zine metalloglycoproteins
with neutral endopeptidase activity {Lec et al. 1991). Us-
ing antigenic variation as a marker, genetic analysis has
shown that the Kell blood group systert is tightly linked
to the prolactin-inducible protein (PIP) locus giving a pro-

Carrespondence to: BE. Doyd

visional assignment of KEL to chromosome 7, probably in
the region 7q32-q36 (Zclinski et al. (99]a,b). In order
to determine genetically whether the Kell blood group
polypeptide itself is the source of the antigenic variation,
we have produced a probe, corresponding to the 37 half of
the Kell cDNA, and used it to map the Kell blood group
polypeptide locus to chromosome 7¢33-35 by in sita hy-
bridization, The co-localization of the antigenic determi-
nant and polypeptide loci strongly supports the sugpestion
that Kell antigenic determinants are part of the polypep-
tide chain rather than the associated sugar molecules.

Materials and methods

Human-radent somatic cell hybrids

The human chromosome content of the somanc cefll hybrids nsed
in this study is shown in Table |.

Chromuosome mapping
using the polymerase chain reaction (PCR)

Compurison ol the Kell cDNA sequence with the gene structurs ol
CALLA neutral cudopeptidase (D°Adamio el al. 1989) suggested
that positions 1214—1284 arc within an exon, Two oligoaucleotide
primers P49, CCGTCGACACATGATCITAGGGCTGGTGGTG
(hybridizing 10 positions 1214=1233) and P54, CCGGATCCCT-
TTCTGCGTGCCTCCTCGAATT (positions 1284 -1262) ampli-
ficd the same 87-bp DNA ifragment in a PCR (Saiki el a1, 1988) us-
ing cloned Kell eDNA {see below) and human genomic DNA, but
not rodent genomic DNA, as wargets (Fig. [). DNA (0.5-2.5 pg)
from the serics of hunan-rodent somatic cel? hybrids was ampli

ficd i 100 W mixiures containing 1 g of each primer, 0.2 mM
cach dNTP, 2.5 U Tuy DNA polymerasc and reaction buffer sup-
plied by the manufacurer. The reactions were incubated for 3 mmin
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at 94°C followed by 30 cycles of 94°C for | min, 65°C for 1 min,
and 72°C for | min 30 s.

Chromosome preparation

Using standard cytogenetic methods, metaphase chromosome
spreads were obtained from two human males of normal karyo-
type. Chromosome spreads in marked slide areas were banded,
photographed and destained prior to hybridization as previously
described (Garson et al. 1987; Boyd et al. 1989).

DNA probe

The PCR was used to generate a Kell DNA probe from reverse-
transcribed mRNA derived from whole blood. The 1.1-kb DNA
fragment, corresponding to positions 1214-2354 in the ¢cDNA
(Lee et al. 1991), was cloned into pTZ18U and its identity con-
firmed by sequencing.

bp 1 23 456 7 89101112131415161718

134 —
75

. + + + + +

Fig. 1. Polyacrylamide gel analysis of the 87-bp product amplified
by the polmerase chain reaction (PCR) from human-rodent so-
matic cell hybrids containing the human Kell sequence. Target
DNA samples were from (1) cloned Kell cDNA, (2) mouse, (3)
rat, (4) hamster, (5) human, (6) AMIR2VIIIL, (7) CTP412E3, (8)
DUR4.3, (9) FGI10, (10) 3W4CI15, (11) MOG2, (12) Horp27-
RC114, (13) SIF4A31, (14) F4SCI13Cl12, (15) TWINI9/DI12,
(16) FIRSR3, (17) FIRS, (18) CLONE2IE

Table 1. Segregation of KEL in relation to human chromosomal
content in 13 human-rodent somatic cell hybrids. +. human chro-
mosome present: —, human chromosome not detected: tr, presence
of chromosome at levels <10%: nt, not tested. Numbers corre-
spond to the following references: (1) Jones et al. (1976), (2) Nab-

In situ hybridization

The probe was labelled by nick translation with biotin-11-dU
(Sigma) and used at a concentration of 10-30 ng/ul for fluos
cence in situ hybridization according to the procedure described
Pinkel et al. (1986). Modifications detailed by Carter et al. (19
were employed but the prehybridization step was omitted for |
single-copy sequence probe. Hybridization was detected by in
bation with avidin-fluorescein isothiocyanate (avidin-FITC, V
tor Laboratories) and the signal amplified twice by two furt
incubations with biotinylated anti-avidin (Vector Laborator
followed by avidin-FITC. Chromosomes were counterstained
mounting the slides in antifade AF1 (Citifluor) containing

g/ml 4,6-diamidino-2-phenylindole (DAPI) and 0.4 ug/ml |
pidium iodide and examined using a Zeiss Axioplan fluoresce
microscope. FITC and propidium iodide were excited at 490
(Zeiss filter combination 9). Hybridization signals appear as yell
green spots against the red propidium iodide counterstain. Pre
ously photographed, DAPI-stained cells were relocated using Z
filter combination 1. Signals visualized on the post-hybridizat
metaphases using filter set 9 were marked on the photograph:
pre-hybridization, banded metaphases. The distribution of
bridization in chromosome spreads was analysed statistically us
the %> test.

Results and discussion

Only those DNA samples from somatic cell hybrids ce
taining intact chromosome 7 generated the 87-bp K
DNA fragment in the PCR indicating that the gene enc
ing the Kell blood group polypeptide (KEL) is loca
on chromosome 7 (Fig. 1, Table 1). The somatic cell |
brid FIRS contains an X/7 translocation (X:7) Xqt
ql3:7pter—q22 (Hobart et al. 1981) and the 87-bp hun

holz et al. (1969), (3) Povey et al. (1980), (4) Van Heyningen el
(1975). (5) Croce and Koprowski (1974), (6) Solomon et
(1976), (7) Kielty et al. (1982), (8) Edwards et al. (1985), (9) H:
terkamp et al. (1982), (10) Phillips et al. (1985), (11) Hobart et
(1981)

Hybrid Ref. PCR Chromosome number
E[.(;d_ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
AMIR2VIII + + + + + tr tr r r - + + - — + + - + + + + + +
CTP41E3 I+ - B W e o B B o= e = s o = oo = e am em e e e
3W4CIS 2 B - 4+ - - - - 4+ - - 4+ 4+ 4+ - 4+ + - + - - - 4+ -
MOG?2 3 + - + + 4+ 4+ + nt + ot + + o + *+ + + + + - + -
Horp27RC 14 4 + - + - 4+ - - 4+ - - - 4+ 4+ - 4+ + - - - = = 4+ +
CLONE2IE 5 + - - = - - = 4+ - - - - - - - - - = - = - = -
DUR4.3 6 - - + - 4+ - - - - 4+ 4+ + + + P -+ 4+ - + + -
FG10 7 - - + - - 4+ - - 4+ - 4+ - - - - 4 - - 4+ - - 4+ -
SIF4A31 8 - - = + + - + = = = = = = = 4 = = 4+ = = = = -
F4Sc13C112 B =~ T T N e S
TWINI19/DI12 10 - + - + - - 4+ - 4+ - - - 4 - 4+ - 4+ + + - + + +
FIRSR3 1] = = S s = B 2 e B e A S o g w oam = = & o= =
FIRS 11 - - - - - - - ¢ - - - - - 4+ - - - tr - - -
Kell/intact chromo- + - 4 22 3 3 4 3 0 4 5 3 2 5 2 5 3 4 4 5 2 4
some discordance  _ I 1 2 & 32 2 0 2 O 2 1 1 & ¥ T 3 5 @8 23 1
* X/Y translocation Xqter—p22.3:Yql.l—qter; ® X/15 translocation Xqll-qter:15pl1—qter; ¢ contains only 1p: ¢ X/7 translocat

Xqter—ql3:7pter—q22




Fig. 2. Signal distribution over 7933-35 oo 32 copies of chromo-
some 7 lollowing hybridization to the Kell cDNA probe

Kell sequence is not amplified fram this DNA by the PCR
{Fig.1). This indicates that the location of the Kell genc
1s 7q22—qter. To localize the region Turther, in situ hy-
bridization was carried out. Twenty-four normal human
male metaphases were scored following hybridization,
and the positions of 118 signals recorded. Of these, a
highly significant (£ < 0.005) 37 signals were located
on chromosome 7 with 22 comprising a signal peak on
7433-35. A second hybridization was performed and the
signal distribution at 7q33--35 noted on 32 chromosomes
7 which were sufficiently long to permit assignment of
signals to o single band (Fig, 2).

The Keil blood group locus was provisioually mapped
to the region 7q32-36 throngh linrkage 1o the PIP locus
{Zelinski et al. 1991a,b) and this has recently been con-
firmed by the demonstration of linkage to the cystic fibro-
sig locus (Purohit cf al, 1992), The resulis presented here
refine the position of the Kell locus te 7q34, placing it dis-
tal 1o the cystic fibrosis locus (7931-32), and proximal 1o
the T cell receptor bela cluster located in 735 (Barker el
al. 1984).

The Kell blood gronp protein is not rwelated to a human
band 3-like protein whose gene is located at 7q35-36
{(Pahumbo er al. 1986)., Because of the absence of many
markers in the region, the lnculization of KEL to 7q33-35,
probably 734, vusing a ¢cDNA probe should prove useful
for further genetic analysis in this region.

This assignment using the cDNA probe, which defines
the gene encoding the Kell polypeptide, is to the sawme re-
gion of chromosome 7 as indicated by the genetic analy-
sis of the antigenic variation associated with the Kell
blood group syster, This co-localisation of the antigenic
determinant aud the polypeptide loci gives strong genetic
support to the suggestion that the Kell antigenic deterini-
nants are part of the polypeptide chain as opposed to the
associated sugar molecules. This finding has important
implications Tor the further analysis of the genctic basis ol
antigenic variation in the Kell blood group systeni.

Acknowledgmeniy, We would like o thank Lesley Rooke for her
help in preparing the somatic cell hybrid DNA,
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Appendix Direct automated sequencing of KEL PCR products

The data shown in this appendix are those obtained from the direct automated
sequencing of KI'L PCR products. Contiguous sequences for the coding region of
both positive and negative strands of four individuals are shown. The coding
region of the KEI cDNA starts at nucleotide 124 and finishes at nucleotide 2322.
The published KEL ¢DNA sequence (KEL.SEQ) as reported by Lee et al, 1991 has
been included for reference. All negalive strand data are given as the reverse
complement sequence. The four donors were as follows:-

PM KK donor
AT KK donor
Gr kk donor
T kk donor
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|

?

30

40
|

50
1

60
|

70
|

[l KBEL.SEQ

CGGGAAGTGC CCOTTCTOCA GGATCAAGGA ACTGRGGCGG GGEGTGTTTC CTGGACCCCA GTCCTCCGAA

2 PM POS
P¥ NEG
AT POS
AT NEG
GT POS
GT NEG
™ POS
TC NEG
a0 920 100 110 120 a0 40
} | { ] i Y 4
KEL.SEQ |TCAGCTCCTA GAGTGGAACC AGGAAGGATT CTGGAGCCAC AGPAGATAGA CAGATGGAAG GPGGGGACCA
PM POS TAGA CAGATGGAAG GIGGGGACCR
PM NEG AGATGGAAG GTGGGGACCA
AT POS TAGA CAGATGGAAG GTGUGGGACCA
AT NEG GATAGA CAGATGGAAG GTGGGGACCA
GT POS AGATGGAAG GTGGGGATCA
7 GT NEG AC AGARGATAGA CAGATGGAAG GTGGGGACCA
TC POS AGA CAGRTGGAAG GTGGGGACCA
TC NEG GGATT CTGGAGCCAL AGRAGATAGA CAGATGGAAG GTGGGGACCA
150 160 110 i80 190 2?0 210
i L i l i
KEL:.SEQ |AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
PM POS AAGTGAGGAR GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
PM NEG AAGTGRGAIAA GAGCCAAGGG AACGCAGOCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AT POS AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AT NEG AAGTGAGGAR GAGCCGAGGA AANCGCAGCCA GACAGETGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
GT POS AAGTGAGGAR GAGCCAAGGE AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
GT NEG AAGTGAGGAA GAGCCGAGGG AACGCAGGCA GGCAGGTGGRA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
< POS AAGTGAGGAR QAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGARCTC TCTGGAGCCA AGAGAGCACT
TC NEG AAGTGTGGAR GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATCGGGAACTC TCTGGAGCCA AGAGAGCACT
220 230 240 250 260 270 80
i i i i i 1 i
KEL.SEQ |CCAGAAGAGA GOCTGCCCGET GGAAGGGAGC AGGOCNTGGG CAGTGGUCAG GCGGGTGCETG ACAGCTATCC
PM POS CCAGAAGAGA GGCTGCCCGT GGAAGGGAGCE AGGCCATEGG CAGTGGCCAG GCGGGTGOTGE ACAGOTATCS
PM NEG CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAUTGGCCAG GCGGGTIONS ACAGCTATCC
AT POS CCAGAAGAGA GGCTGCCCGT GGRAAGGGAGE AGGCCATGGG CAGIGGCCAG GOGGGTBCOTG ACAGCTATCC
AT NEG CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGE CAGTGGCCAG GOGGGTGCTG ACAGCTATCC
GT POS CCAGAAGAGA GGCTGCCOGT GGAAGGAAGC AGGCCATGAG CAGTGGCCAG GOGGGETGCTG ACAGCTATCC
GT NEG CCAGAAGAGR GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGOTGCTG ACAGCTATCC
TC POS CCAGAAGAGA GGCTGCCCGT GAAAGGGAGT AGGCCATGGG CAGTGGCCAG GOGGGTGCTS ACAGCTATCC
TC NEG CCAGAMGAGA GGOTGCCCGT GGAAGGAAGE AGGCCATGGS CAGTGGCCAG GCGGGTGCTE ACAGCTATCC
2?0 3?0 310 sio 3:‘40 370 3?0
REL.SEQ |TGATTTTGGS CCTGCTCCTT TOTPTTICIS TGCTTTTGTT CTACMACTTC CAGAACTGTG GCCCTCACCC
PM FOS TEATTTTGGG CCTGCTCOTT TOTTTTICTS TGOTTTTETT CTACAACTTC CAGAACTETS GCCCTCGCTC
PM NEG TGATTTTGGG CCTGCTCOTT TGTTITYCTE TGOTTTITGTY CTACRACTTC CAGAACTGTG GCOCCTCGCCC
AT POS TGATTTTGGS QOTGCTCOTT TGTYITITCTS TGCTTITCTY CTACARCTTC CAGAACTATE GCCCTOGLCC
AT NEG TGATTTTGGEG COTGCTCOTT TGTTITTTCTG TGCTTTTCTT CTACAACTTC CAGAACTGTG GCOCTCGLCE
GT POS PEATTTIGGG CCTGCICCTT TGTTTTTCTE TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
GT NEG TGATTTTCGG CCTGCTCOTT TGTMITICTG TGCTTTIGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
TC POS TGATTTTGGE CCTGCTCCTT TGTITITCTS TGOTTTTGTT CTACAACTTC CAGARCTGIG GCCCTCGOCC
TC NEG TCATTYTCGE COTGCTCCTT TGTTITTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTOGCCC
3?0 a'io 3&{0 3?0 ufo 4)‘0 42‘0
[ KBEL.SEQ }CTGTGAGACA TCTGTGTGIT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC
PM POS CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTOTA GGAACACAAG TGTGGLCCCC
PM NEG CTGITGAGRCA TCPGTGTOTT TGGATCTECG GGATCATTAC CTGGCCOTCTE GGAACACAAG TGTGGCLCOCC
AT POS CTGTGAGACA TCTGTGTETT TAGATCTOCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTRGCCOCCC
AT NEG CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTRGICCCC
GT POS CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTOGCCTCOTG GGAACACAAG TGIGGOCCCO
GT NEG CTGTGAGACA TCTGTGTGTT TGGATCTCCE GHEATCATTAC CPGGCCTCTG GGAACACAAG TGTOGLOCCT
T™C POS CTGTGAGACA TCTGTGTGTT TGRATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC
TC NEG CTGTGAGACA TCTGIGTGTT TOGATCTCCG GGATCATTAC CPGHCCTCTG GGAACACAAG TGTGHRTCCCC




144

4310 410 4?u 4J6_0 4‘{0 4ﬁ° 4?1:
KEL.SEQ [TGCACCGACT TCTTCAGCTT TGCCTGTGOA AGGGCCAARG AGACCAATAR TTCTTTTICAG GAGOTTGCCA
2 PM POS TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAMAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
B PM NEG TCCACCGACT TCTTCAGCTT TGCCTGTGGA AGGUCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
AT POS TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TICTTTYCAG GAGCTTGCCA
AT NEG TGCACCGACT POTTCAGCTT TGOCTCTGAA AGGGCCARAG AGACCAATAA TTCTTPICAG GAGCTTGOCA
B GT POS TGCACCGACT TCTPCAGCTT TGOCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAC GAGCTTGCCA
[7 GT NEG TGCACCGACT PCTTCAGCT? TGCOTGTGGA AGGGCCAAAG AGRCCAATARA TTCTTTTCAG GAGCTTACCA
B TC POS TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTMYGCCA
9 TC NEG TGCACCGALT TOPTCAGCTT TGCOTOTGGA AGGGCCAMAG AGACCAATAA TTCTTTICAG GAGCTTGCCA
[} 6
S IO 510 510 SJJ_O 510 Sji 5 lg
KEL.SEQ [CAAAGAACAA AAACCGACTT CGGAGRATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
2 PM POS CARAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCOT CTGGGGAGER
D PM NEG CAARGAACAA AAACCGACTT CGGAGAATAC TGGAGUTCCA GANTTCCTGE CACCCAGGCT CTGGGGAGGA
AT POS CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCOTGS CACCCAGGOT CTGGGGAGGA
AT NEG CARAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGS CACCCAGET CPGGOGAGHA
GT POS CAAAGAACAN AMACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
GT NEG CARAAGARCAA ARACCGACTT CGGAGAATAC TGGAGGTCCA GARATTCOTGG CACCCAGECT CTGGGAAGHA
TC POS CAAAGAACAR AARACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGE CACCCAGGET CTGGGGAGGA
TC NEG CAAAGAACAA AMACCGACTT CGGAGRATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CPTGGGGEAGAEA
57’0 5?0 5?0 630 6%0 620 Gil.o
FKEL.SEQ |GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCOTC
PM POS GAAMAGCCTTC CAGTTOTACA ACTCCTGCAT GOATACACYTT GCCATTGAAG CTGCAGGGAC TGGTCCCOTC
PM NEG GRAAGCCTTC CAGTTCTACA ACTCOTGCAT GGATACACTT GCCATTGRAG CTUCAGGGAC TGGTCCCOTC
AT POS GAARGOCTTC CAGTTCTACA ACTCCTGCAT GOATACACTT GCCATTGAAG CTGCAGGGAC TGGICCCCTC
AT NEG GAAAGCOTIC CAGYTCTACA ACTCCTGCAT GGATACACTT GCCATTGMAG CTGCAGGGAC TGGTCCCCOTC
GT FOS GARAGCCTTC CAGTTCTACA ACTCCTGOAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTLCCCOTC
GT NEG GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGIRGGGAC TGGTLCCCOTC
TC POS GARAAGCCTTC CAGYPTCTACAR ACTCCTGCAY GGATACACTT GCCATTGAAG CTGCAGGGAC IGCTCCCCTC
TC NEG GARAGCCTYC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATMIGAAG CTGCAGGGAC TGETCCCCRC
0
610 5510 Gio 5}0 Si 6?0 7?0
FEL.SEQ |AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCYCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA
PM PQS AGACAAGTTA TTGAGGAGCT TGGAGGCTGGE CGCATCTCTG GTAAATGGAC TTCOTTAAAC TPIAACCGAA
FM NEG AGACAAGTTA TTGAGGAGCT TGGAGGOTOG CGCATCTCTS GTAAATGGAC TTCCTTAANC TTTAACCGAA
AT POS AGACAAGTTA TTGAGGAGCT TGGAGACTGG CGCATCTOTG CTAAATGGAC TTCCTTAAAC TTTAACCGAA
AT NEG AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTS GTARATGGAC TTCCTTAAMAC MTTAACCGAA
GT POS AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTARATGGAC TTCCTTAAAC TTTAACCGAA
GT NEG AGARCAAGTTA TTHAGGAGCT TGGAGGCTGG CGCATCTCTG GTAMNTGGAC 'PTCCTTAAAC TYTAACCGAR
TC POS AGACAAGTTA TTGAGGAGCT TGGAGGCTGE COCATCTCTG GTAAATGAAC TTCCOTTAMAC TTTAACCGAA
TC NEG AGACAAGTTA TTGAGGASCT TGGAGGCTGGE CGCATOTCTG GYAAATGGAC TTCCTTAAAC TTTRACCGAA
0 "
'nl 72}0 7?0 110 ;:io 1?0 _71(1
KEL.SEQ CGCTGAGACT TCTGATGAGT CAGTATGGCL ATTTCCOTYT CTTCAGAGCC TACCTAGGAC CTCATCCTGE
PM POS TGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTIT CTTCAGAGCC TACCTAGGAC CTCATCCUTGE
PM NEG TGCTGACACT TCTGATGAGT CAGTATGGCC ATTTCCOTTT CYTCAGAGCC TACCTAGGAC CTCATCOTGE
AT POS TGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATOCOTGE
AT NEG TGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGEC TACCTAGGAC CTCATECTGE
GT POS CGCTGAGACT TCTGATGAGT CAGTATGGCC APTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGS
GT NEG CGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCS TACCTAGOAC CTCATCOTGC
T™C POS CGCTGAGACT FCTGATGAGT CAGTATGGCC ATTICCCTTT CTTCRGAGCC TACCTAGGAC CTCATCCTOO
TC NEG CGCTGAGACT TOTGATGAGT CAGTATGGCC ATTTCCOTTE CTTCAGACCC TACCTAGGAC CICATCOTGE
i} 790 894 810 820 830
i i f i i i °f°
REL.SEQ [CTCPCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TITGATGTTC CCCPCAAGCA AGATORAGAA
 PH POS CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TITGATGTTC CCCTCAAGCA AGATCAAGRA
132 PM NEG CTCTCCACAC ACACCAGTCRA TCCRGATAGA CCAGCCAGAG TTTGATGTIC CCCTCAACCA AGATCAAGAM
4 AT POS CTSTCCRCAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATGTTC CCCTCAAGCA AGATCAAGAA
5 AT NEG CTCTCCACAC ACACCAGTCA TOCAGATAGA CCAGCCAGAG TTTGATGITC CCCTCAAGCA AGATCAAGAR
£ GT POS CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATSTTC CCCTCAAGCA AGATCAAGAA
7 GT NEG CTCTCCACAC ACACCAGTCA TCCAGATAGA CCRUCCAGAG TTYGATSTTC CCCTCAMGCA AGATCARGAR
TC POS CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAS TITGATSTTC CCCTCAAGCA AGATCAAGAA
TC KEG CTCTICCACAC ACACCAGICA TCCAGATAGA CCAGCCAGAG TTTGATGTIC CCCTCAAGCA AGATCAAGAA
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I KEL.SEQ [CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GOTGGGAACC TIGCTGGGAS
2 PM POS CAGAABATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGMACC TTCCTGIGAS
3 PH NEG CAGAAGATCT ATGCCCAGAT OTTTCGOGAA TACCTGACTT ACCTGAATCA GCTGGGRACC TTGCTGGGAG
AT POS CAGAAGATCT ATGCCCAGAT CTTTCGGGAR TACCTGACTT ACCTGAATCA GCTGGGANCT TTACTGOGAG
AT NBG CAGAAGATCT ATGCOCAGAT CTTTCGGGAA TACCTGACTT ACCTGMATCA GCTGGGAACC TTGCTGGGAG
GT POS CAGRAGATCT ATGCCCAGAT CTTTOGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC ‘TTGCTGGAAG
GT NEG CAGAARGATCT ATGCOCCAGAT CTTTOGGGAA TACCTGACTT ACCTGAATCA CCTGGGAACT TTGCOTGGGAG
TC POS CAGRAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC TTIGCTGGGAG
TC NEG CAGBRAGATCT ATGCCCAGAT CTTTCGGGAA PACCTGACTT ACCTGAATCA GCTGGGAACC TTGCTGGOAG
9?0 9::0 9?0 9.’{0 9?0 9j70 ' 98'0
KEL.SEQ |GAGACCCAAG CAAGGTGCAA GAACACTCTT COTTGTCAAT CTCCATCACT TCACGGCTOT TCCAGTTTLT
PM POS GAGACCCAAG CAAGGTGCAA GAACACTCT? CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTICT
PM NEG GAGACCCAAG CAAGGTGCAA GAACACTCT?T CCTTGICAAY CTCCATCACT TCACGGOTGT TCCACTTTCT
AT POS GAGACCCAAG CAAGGTGCAA GAACACICTT CCYTGTCAAT CTCCATCACT PCACGGOTGT TCCAGTITOT
AT NEG GAGACCCAAG CAAGGTGCAA GAACACTICTT COTTGTCAAT CTCCATCACT TCACGGCOTGT TOCAGTTTCT
GT POS GAGACCCARG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTTCT
GT NEG GAGACCCAAG UAAGGYGCAA GAACACTCTT CCITGTCART CTCCATCACT TCACGGCTGT TCCAGTTTCT
TC POS GAGACCCAAG CAAGGTGCAA GAACACTCTT COTTOTCAAT CICCATCACT TCACGGCTGT TCCAGTTTCT
TC NBG GAGACCCAAG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGOTGT TCCAGTTTCT
9?0 10]00 10110 1020 1o|30 10I40 10J50
KEL.BEQ |GAGECCCTG GAGCAGCGGC GGGCACAGGE CAAGCTCTTC CAGATGGTCA CTATCGACTA GCTCAAGGAA
PM POS GAGGCCCCTG GAGCAGCGGC GGGCACAGGE CAAGOTCTTC CAGATGGTCA CTATCGACCA GOTCAAGGAA
PM NEG GAGGCCCCTG GAGCAGCGGC GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGRA
AT POS GAGGOCCOTS GAGCAGCGGA GGGCACAGGG CAAGCYCPTIC CAGATGGTCA CPATCGACCE GCTUAAGGAA
AT NEG GAGGCCCCTG GAGCAGCEGC GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA
GT POS GAGGCCCOTG GAGCAGCGGA GGGCACAGGG CAAGCTCITC CAGATGGICA CTATCGACCA GCTCARGGAA
GT NEG GAGGCCLCTE GAGCAGCGGL GGGUACAGGG CMAGCTCTYIC CAGATGGTCA CTATCGACCA GCTCAAGGAA
™ POS GAGGOCCOTE GAGCAGCGEC GGGCACAGGE CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA
TC NRG GAGGOCCCTG GAGCAGCGGL GGGCAUAGGG CAAGCTOTTC CAGATGOTCA CTATCGACCA GOTCAAGGAA
10160 lolro 10?0 10’90 nfon 11‘10 ufo
REL.SEQ |ATGGRCCCCS CUATCGACTG GTTGTCCTGC TTGCAMGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC
PM POS ATGGCCOCCG CCATCGACTG GPTGTCCTGC TTIGCAAGCGA CATTCACACC GATGICCOTG AGCCCTTCTC
PM NEG ATGGOCCLCE CCATCGACTG GTTGTCCTGC TTGCAAGCGA CAPTCACACC GATGICCCTG AGCCCTTCTC
AT POS ATGGCCCCCG CCATCGACTG GTTGTCOTGC PTCCAAGCEA CATTCACACC GATGTCCCTS AGCCCTICTC
AT NEG ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTICCLTS AGCUCTICTC
GT POS ATGGCCUCCG CCATCGACTG GTTGTCOTGS TTGCAAGCEA CATTCACACE GATGPCCOTG AGCCCTMTCTC
GT NRG ATGGCCCOCE CCATCGACTG GTTGTCOTGC TIGCAAGCGA CATTCACACC GATGTCCCTG AGCCOTTCTC
TC POS ATGGCCCCCG COATCGACTG GPTGTCOTCC TTGCAAGCGA CATTCACACE GATGTCCCTG AGCCCTTOTC
TC NEG ATGGCCCCCE CCATCAACTG GTTUTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCOTG AGCCCTTOTC
1113.0 11140 nlso 1&50 11170 nlao nlc.w
KEL.SRQ |AGTCCCTCGT GGTCCATGAC GTGGAATATT TGARAARACAT GTCACAACTG GTGGAGGAGA TGOTGCTAMA
PM POS AGTCOCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GICACRACTG GTGGAGGAGA TGCTGCTAAA
PM NEG AGTCCCTCGY GOTCCATGAC TGGAATATT TGARAAACAT GPCACAACIH GTGGAGGAGA TGCTGCTAAA
AT PCS AGTCCCTCGT GGTCCATGAC GTGUAATATT TGAARMACAY GTCACAACTG GTGGAGRAGA TGCTCCTAAA
AT NEG AGTCCCTCAT GGTCCATRAC GTGGAATATT TGAARAAACAT GTCACAACTS GTGGAGGAGA TGCOTGOTAAA
GT POS AGTCCCTCOT GGTCCATGAC GTGGAATATT TGRARAACNY GTCACAACTG GTGGAGGAGA TGCTGTTAAA
GT NEG AGTCCCTOGT GGTCCATGAC GTGRAATATT TGAMARACAT GTCACAACTG GTGGAGGAGA TGCTGOTAAR
TC POS AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAMARACAT GPCACAACTG GTGAAGGAGA TGCTGOTAAA
B TC NEG AGPCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACYG GTGGAGGAGA TGCTGCTAAA
12100 12l10 12’20 12[30 12;40 lzlso 12]60
[l KEL.SEQ |GCAGAGGGAC TTTCTGCAGA GCCACATGAT OTTAGGGONE GTGGRGACCC TTTCYICCAGE COTGGACAGT
> PM POS GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGGUTG GTGGTGACCC PMITCTCCAGE COTCGACAGT
3 PM NRG GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGACTG GTGGTGACCC TPTCTCCAGC CCTGGACAGT
¥ AT POS GCRGAGGGAC TTTCTUCAGA GCCACATGAT CTTAGGGCTS GIGGTGACCT TTTCTCCAGE CCTGGACAGT
5 AT NEG GCAGAGGGAC TTTCTGCAGA TCCACATGAT CTTAGGGCTG GTGGTGACCC TTTICTCCAGE CCTGGACAGT
K GT POS GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGGCTG GIGGTGACCS TTTOTCCAGC COTGGACAGT
{7 GT KEG GCAGAGGGAC TTTOTGCAGA GCCACATGAT CTTAGGGCTG GTGGTGACCL TTTCTCCAGC CCTGGACAGT
b TC POS GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGUGCTG GTGFTGACCC TITCTCCAGC CCTGRACAGT
B TC KREG GCAGAGGEAC TTTCTGCAGA GCCACATGAT CTTAGOGCTG GTGGTGACCC TITCTCCAGC COTGGACAGT
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1 KEL.SEQ [CAATTCCAGS AGGCACGCAG AAAGCTCAGC CAGAMACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTS
2 PM PCS CAATTCCAGG AGGCACGIRG ARAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCHE CCCATGUCTG
3 PM NEG CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTOC GGGAACTGAC AGAGCARCCA CCCATGCOTG
AT POS CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAARCCA CCCATCCCTG
AT NEG CAATTCCAGS AGGCACGCAG ARAGCTCAGC CAGAMACTGC GGGAACTGAC AGAGCAACCR CCCATGOCIG
GT POS CAATTCCAGG AGGCACGCAG AMMGCTCAGC CAGAAACTGE GGUAACTGAC AGAGCAACCA CCCATGOCTG
GT NEG CARTTCCAGG AGGCACGCAG ARAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTS
< POS CAATTCCAGG AGGCACGCAG AAMGOTCAGC CAGABACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTG
B 1IC NEG CAATTCCAGG AGGCACGCAG AMAGCTCAGC CAGAMACTGC GGGAGCTGAC AGAGCAACCA CCCATGCOTG
13r0 1350 1%{0 13F0 13?0 13?n lf?n
I REL.SEQ |CCCGCCCACG ATOGATGAAG TGCGTGAAGH AGACAGGCAC GTTCTITCGAS CCCACGOTGS CGRCTITOTT
2 PM POS CCCGCCTACQS ATGGATGAAG TGCGTGGAGGE AGACAGGCAC GTTCTTCGAG CCCACGOTGG CGGCTTIGTT
3 PM NEG CCCGCCCACE ATGGATGARG TGOGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGLTCS CGGCPTTGTT
k AT POS CCCGCCCACG ATGGATGAAG TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG COGCPTTGTT
B AT NBG CCCOCCCACG ATGGATGANG TGCGTGGAGG AGACAGGCAC GTTCITCGAG CCCACGCTGA CGGCTITGTT
E GT POS COCGCCCACG ATGGATGATS TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCALGCTGG COGCTTTGTT
[7 GT NEG CCCGCCCACG ATGGATGAAG TCGCGTGGAGE AGACAGGCAC GPTCPTCGAG CCCACGCTGS CGGOTTTGTT
g TC PCS CCCBCCCACG ATGGATOAAG TGCGTGGAGG AGACAGGCAC GTTCYTCGAG CCCACGCTGG CGGCTTTOTT
P TC NEG CCCGCCCACG ATGGATGARG TGCOTGGAGE AGACAGGCAC GPTCTTCEAG COCACGOTGG CUGCTITGTT
1lﬂﬂ 1430 14ﬁu 14#0 1‘60 1‘f° 14r0
] REL.SEQ |?TGTMCGTGAG GCCTTTGGCT CGAGCACCCG AAGTGCTGCC ATGRAATTAT TCACTGCGAT CCGGGATGCC
2 P¥ POS TGTTCGTGAG GCCTTTGGCC CGAGCACCUG AAGTGOTGIC ATGAAATTAT TCACTGCGAT CCGGGATGCC
[} PM NEG POTTCGIGAG GCCTTTGGOC CUAGCACCCG AACTGCTGCC ATGAAATTAT TCACTGCGAG CCGGRATGCC
AT POS TGMTCGTGAG GCTTTPTGLCC COAGCACCCS AAGTGCIGCC ATGAAATTAT TCACTGCHAT CCGGGATGCC
AT NRG TGTPCCTGAG GCCTTIGGCC CGAGCACCCE AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGLC
GT POS TGTTCETCAG GCCTTTGGCC CGAGCRCCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGCC
GT NEG TGITCGTGAG GCCPTPTGGCC COAGCACCCG ARGTGOTGCC ATGAAATTAT TCACTGCGAT CCGRRATGCC
°C POS TETICETAAG GOCTTTGECC CGAGCACCCG AAGTGCTGLC ATGAAATTAT TCACTGCGAT CCGGGATGLC
TC WEG TETTCSTGAG GACTTTROCC CGAGCACCUC AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGLC
1$0 1?u 1?0 1?0 1?0 1?0 1?0
KEL.SEQ |{CTCATCACTC GCCTCAGAAA COTTCOCTGS ATGAATGAGG AGACCCAGAA CATGGCOCCAG GACRAGGTTG
PM POS CTCATCACTC GCOTCAGAAA COTTCCCTGG ATGAATGAGG AGACCCAGAA CAPGGCCCAG GACRAGGTTG
PM NEG CTCATCACTC GCCTCAGAAA COTTCCOTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
AT POS CTCATCACTC GCOTCAGAMN COTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
AT NEG CTCAPCACTC GOCTCAGARA COTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGITSE
GT POS CTCATCACTC GOCTCAGARA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGOTTS
GT NEG CTCATCACTC GCCTCAGARA CCTTCCOTGE ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
TC POS CTCATCACTC GCCTCAGMAA COTTCCCTGE ATGAATGAGG AGACCCAGAA TATGGCCCAG GACAAGGTITG
TC NBG CTCATCACTC GCCTCAGRAA CCTICCCTGA ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
1?0 1*0 1?0 1%0 1?0 1Tn 1%0
RKEL.SEQ ICTCAACTGCA GGTGGAGATG GGGOCTTCAG AATGGGCUCT GAAGCCAGAG CTGGCCCGAC ARGAATACAA
PN POS CTCAACTGCA GOIGGAGATG GGGGCTTCAS AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
PM NEG CTCAACTGCA GOTGGAGATG GGGGCTTCAG ANTGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
AT POS CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAR
AT NEG CTCAACTCCA GGTGGAGATG GOGGCOPTCAG AATGGACCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAN
GT POS CTCAACTGCA GGTGGAGATG GGGGOTYICAG AATGGGCCOT DBAAGCCAGAS CTGGCCCGAC AAGAATACAA
GT NEG CTCAACTGCA, GGTGGAGATG GGGEOTTCACG AATGGGCCCT GARGCCAGAG CTGGCCCGAC AAGAATACAA
TC POS CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGRATACAR
TC NEG CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCERC AAGRATACAA
1%0 1?0 1?0 ITD 1%0 170 1?0
KEL.SBQ [CGATATACAG CTTGGATCGA GCTTCCTGCA GTCTGTCCTG AGCTGTGTCC GEICCCTCCG AGCTAGRATY
2 PM POS CGATATACAG CTTGGATCGA GOTPTCCTGCA GICTGTCCTE AGCTSTATCC GGTCCCTUCE AGCTAGAATT
3 PM NEG CGATATACAG CTTUGATCAA GCTPCCTGCA GPCTGTCCTS AGCTGTGTCC GGICCCTCCG AGCTAGAALT
H AT POS CGATATACAG CTTGGATCGA GUTTCCOTGCA GTCTGTCCTG AGCIGTGTCC GGICCCTCCG AGCTAGAATT
5 AT NEG CGATATACAG CTIGGATCGA GCTTCCTGCA GYCTGTCCTG AGOTGTGTCOC GUTCCCTCOG AGCTAGAATT
K GT POS CGATATAGAG CTTGGTTCGA GCTTCCTGCA GTCTGTCCTG AGCTGIGTCC SOTCCCTOCG AGGTAGAANTT
7 GT NEG CGATATACAG CTTGGATCGA GCTTCCTGCA GTCTGTCCTG AGCTGTGTCC GGTCCOTCCG AGCTAGAATT
B TC POS CGATATACAG CTTGGATCGM GOTTCCTGCA GTCTONCCTG AGCTGCTGTCC GGTCCCTCCG AGCTAGAATS
B TL NEG CGATATACAG CTTGGATCGA GCTICCTGCA GICTETRCTE AGCTGTGTCC GGTCCCTCCG AGCTAGAATT
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lesto nfoa 17|10 17120 11130 17|40 n,so
[l KEL.SEQ [GTCCAGAGCT TCTTGCAGCC TCACCCCCAN CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT
P PM POS GTCCAGAGCT TOTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCOC TTGGEACGTC RATGCTTIACT
3 PM NEG GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGCTGGA AGETGTCCCC FTGOGACTTC AATGCTTACT
AT POS GTCCAGAGCT TOTTGCAGCC TCACCOCCAA CACAGGTGGR AGGTGTCCOCC PTGGGACGTC AATGCTTACT
AT NEG GTCCAGAGCT TCTTGCAGCE TCACCCCCAA CACAGGTGOA AGOTGTOCCC TTGGGACGTC AATGCTTACT
GT POS GICCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT
GT NEG GTCCAGAGCT 'MCTTGCEAGCC TCACCCCCAA CACAGGTCGA AGCTCTCCCC PTGGGALGTC RATGCTTACT
T POS GYCCAGAGCT PTCTTGCAGCC TCACCCCCAR CACAGGTGGA AGGTGICCCC TTGGGACGTC AATGOTTACT
TC NEG GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TYGEGACGTC AATGCOTTACT
17[60 17I70 17]80 17]90 18100 18|10 IBIZO
KEL.SEQ JATTCGGTATC TGRACCATGTG GTAGTCTTTIC CAGUTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGCTA
PM FOS APTCGOTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCOCAACCC CCATTCTTCC ACCCTGGOTA
PH NEG ATTCGGTATC TGACCATATG GTAGTCTTTC CAGCTGARCT CCTCCAAICC COATTICTTCC ACCCTGGCTA
AT PGS ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGTITA
AT NEG ATTCGGTATC TGACCATGTG GTAGTOTTTC CAGOTGGACT CCOTCCAACCC CCATICTTCC ACCCOTGGCTA
GT POS ATTCGGTATC TGACCATGETG GTAGTCTTTC CAGCTGGACT CCTCCAACCE COATTCTICC ACCCTGGTTA
GT NEG ATICGGTATC TGACCATGTG GTAGYCTTTC CAGCIGGACT CCTCCAACCC CCATTUTTCC ACCOTGGCTA
¢ POS ATTCOATATC TCGACCATGTG GTAGTCTTIC CAGOTGOACT CCTCCAACCC CCAPTOTYCC ACCCTGGCTA
TC NEG ATTCGGTATC TGACCATGTG GTAGTCTIMC CAGCTGGACT CCTCCAACCE CCATTCTICC ACCCTGGOTA
18130 18|‘0 1e|.',o 18150 18[70 18190 lBISO
REL.SEQ TOCCAGAGCC GTGMCTTTG GCGCTGCTGE CAGCATCATG GCCCACGAGC TGTTGCACAT CTTCTACCAG
PM POS TCCCAGAGCC GTGAACTTTG GCGCTGCTGG CAGCATCATG GOCCACGAGE TGITGCACAT CTITCTACCAG
PH NEG TCCCAGAGCS GTGAACTTTG GCGCTGCTGG CAGCATCATG GOCCACGAGS TUATGCACAT CTTCTACCAG
AT POS TCCCAGAGCC GTGARACTTTG GCGCTGCUTGE CAGCATCATG GCCCACGASC TGTITGCACAT CMYCTACCAG
AT NEG TCCCAGAGCC GTGAACTTTG GCGCTGCTGE CAGCATCATG GCCCACGAGC TGTTGCACAT CTTCTACCAG
Gr POS TCCCAGAGCC GTGAACTTIG GCOCTGCTGE CAGCATCATS GCCCACGAGC TGTTGCACAT CFTCTACCAG
GT NEG TCCCAGAGCC GTGAACTTTG GCGCTGCTHG CAGCATCATG GCCCACGAGC TGTTGCACAT CTTCTACCAG
TC POS TCUCAGAGCC GTGMACTTTS GCGCTGCTGG CAGCATCATG GCCCACGAGE TGITGCACAT CTTCTACCAS
TC NEG TCCCAGAGCT GTGAACTTG GUGCTGCTGS CAGCATCATG GCCCACGAGC TGTTGCACAT CTTCTACCAG
191:10 19'10 19120 19130 zslm 19]50 19]50
KEL.SEQ |CTCTTACTGE CIGGGOGCTG CCTCGOCTGT GACAACCATS CCCTCCAGGA AGCTCACCTS TGUCTRAAGS
PM POS CTCTTACTGC CTGGUGGCTG CCTCGOCTST GACAACCATG CCCTCCAGGA AGCTCACOTG TGCCTGAMGC
FM NEG CTCITACTGE CTGGGGGCTG CCTCGCCTST GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAASC
AT POS CTCTTACTGC CPTGGGGGCTG COTCGECTGT GACAACCATG CCCTCOAGGR AGCTCACCTS TGCCTGARGS
AT NEG CICTTACTGC CTGGEKCTS CCTCGCCTSET GACAACCATG CCOCTCCAGGA AGCETCACCTG TGCCTGAMAGE
GT POS CTCTTACTGC CTGGGGGCTG COTCGCCTGT GACRACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC
GT NEG CTCTTACTGE CTGGGGGOTG COTCGCCTGT GACAACCATG CCCTCCAGGA AGOYCACCTG TGCCTGAAGS
TC POS CTCTTACTGC CTGGGGGCTG COTCGOCTAT GACAACCATS CCOTCCAGGA AGCTCACOTC TOCCTGAAGE
TC NEG CTCTTACTGE CTGGGGGCTG CUTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGT
19|7o 19190 19?0 zulon zolw znizo 20]30
KEL,.SEQ |GCCATTATGS TGCCPITCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCY TAGAGAATGC
FM P0OS GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTA CRATGACTCC CTCACATICT TAGAGAATGC
PM NEG GCCATTATGC TGCCTTCCCA TTACCTAGEA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
AT POS GCCAPTATGE TGOCTTTOCA TTACCTAGCA GRACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
AT NEG GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCOTT CAATGACTCC CTCACATTCT 'TAGAGAATGT
GT POS GCCATTATGL TOCCTTTCCA TTACCITAGCA GAACCTCCTT CANTGACTCC CPCACATTCOT TAGAGAATGC
GT NEG GCCATTATGC PGCCTTTCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGS
TC »08 GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATICT TAGAGAATGC
TC NBG GCCATTATGC TGCCTTTCCA TTACCTAGGA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
zulao 20150 20!60 20{'}0 20[30 2o|90 21100
KEL.SEQ |TGCAGACGTT GEGSGOCTAG CCATCGCOGCT GCAGGCATAC AGCAAGAGGS TGTTACGGCA CCATGGIGAG
PM POS TGCAGACGTT GGGGGGCTAG CCATCGCGCT GCAGOCATAC AGCAAGAGGC TGTTACGGCA CCATGGGGAG
PM NEG TGCAGACGTT GGCEGOGCTAG CCATCGCGET GCAGGCATAC AGCAAGAGGC TGTTACGECA CCATGIGEAG
AT POS TGCAGACGTT GOGGGGCTAG CCATCGUGCT GCAGGCATAL AGCAAGAGGC TGTTACGGCA CCAYGEGGAG
AT NEG TGCAGACGTT GGGGGGCTAG CCATCGCGET GCAGGCATAC AGCAAGAGOC TGTTACGGCA CCATGGGGAG
GT POS TGCAGACGTT GGGGAALTAG CCATCGCGIT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATGGGSAG
GT NEG TGCAGACCTT GOGGGGCTAG CCATCGCGCT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATCGGSGAG
TC POS TGCAGACGIT GGGGGGCTAG CCATCGCGCT GCAGGTATAC AGCRAGAGGC TGTTACGGCA CCATGGGGAG
1C NEG TGCAGACATIT GGGGGGCTAG CCATCGCSGCT GCAGGCATAC AGCAAGAGGC TGTTACGECA CCATGGGGAG
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21[10 21'20 21130 21|¢0 zllso 21‘50 2_1&1
1 KEL.SEQ ACTGICCTGS CCAGCCTGGA CCTCAGCCCC CAGSCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
2 PM POS ACTGTCCTGC CCAGCCTGOA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGIGTA
3 PM NEG ACTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
AT POS ATTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTUATGTGTA
AT NEG ACTGTCCTGC CCAGCCTGGA CCTCAGCOCC CAGCAGATCT TCTHTCGAAG CTATGCCCAG GTGATGTGTA
GT POS ACTGTCCTGC CCAGCCTGGA COTCAGCCCC CAGCAGATCT TCTYTCGAAG CTATGCCCAG GTGATGTGTA
GT NEG ACTGICCTGC CCAGCCTGGA CCTCAGOCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
¢ POS ACTGTCOTGC CCAGCCTGGA COTCAGCCCC CAGCAGATCT TOTTTCGAAG CTATGCCCAG GTGATGTGTA
TC NEG ACTGTCCTGC CCAGCCTGGA COTCAGCCCC CAGCAGATCT 'PCPMMCGAAG CTATGCCCAG GTGATGTGTA

2180 2190 2200 2210 2220 2230 2240
] [ | ] ] | 1 {
KEL.SEQ |GGARGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCOTCAG
PM POS GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACOTC CGAGTCCOACG GGECCCTCAS
PM NEG GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCE TCCACACCTC CGAGTCCACG GGLCUSTCAG
AT POS GGAAGCCCAG CCOCCAGGAC TOPCACGACA CTCACAGCCE TOCACACCTS COAGTCCACG GGCCCCTCAG
AT WEG GGAAGCCCAG CCCCTAGGAC TCTCAUGACA CTCACAGCCC TCCOACACCTC CGAGTCCACG GGOCCCTCAG
GT POS GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCOTCAG
GT NEG GGAAGCCCAG CCCCCAGGAC TOTCACGACA CTCACASCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
TC POS GGAAGCCCAG CCCCCAGGAC TCTCACGACK CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
TC NEG GGARGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGOCE MCCACACCTC CGAGTCCACG GGCCCCOTCAG

22[50 22[60 22;0 22180 2![90 23|00 23I1°
XEL.SEQ CAGCACCCCA GCCPTTGCCA GGTATTTCCG CTGTGUACGT GOTGCTCTCT TGAACCCOTC CAGUCGCTHC
PH POS CAGCACCCCHA GCCYTTGCCA GGTATTTOCG CTGTGCACGT GGTGCPCTCT PGAACCUCTC CAGCCGLTEC
PM NEG CAGCACCCCA GCCTTTGCCA GGTATTTOCG CTGTGCACGT GGTCCTCTCT PGAACCCLTC CAGCCGCTSC
AT POS CAGCACCCCA GCCTTTGCCA GETATTTCCG CTGPGCACGT GGTGUTUTCT TGAACCCOT CAGCOGCTEC
AT NEG CAGCACCCCA GCCTITGCCA GETATITCCG CTCTGAACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGC
GT POS CAGCACCCOCA GCCTTTGCCA GOTATTTCCG CTGTOCACGT GGTGCTCTCT TGAACCCCTC CAGCCGRTEC
GT NEG CAGCACCCCA GCCITTGCCA GOTATTTCCG CTGTCTACGT GGTGCTCICT TGAACCCCOTC CAGCCGOTES
TC POS CAGCACCCCA GTCTTTGCCA GGTATTICCG CPGTCCACGT GOTGCTCTCT TGRACCCCTC CAGCCGCTRT
TC NEG CAGCACCCCA GCCTTTGCCA GSTATTTCCG CTETGCACGT GGTGCTCTOT TGRACCCCTC CAGUOGOTGE

2220 2330 2340 2350 2260 2370 2380
1 | I I [ ( 1

CAGCTCTGGT AACTTGGTTA CCARAGATGC CACAGCACAG AAATATCGAC CAACRCCTCC CTGGTCACAT
CAGCTCTGGT AACTTGGTTA CCARAGATGC CACAGCACAG AMAT

CAGCPCTGGT AM

CAGCTCTGGT AARCTTGGOTTA CCARAGATGC CACRGCACAG AAAT

CAGCTCTGGT AA

CAGCTCTGGT AACTTGGTTA CCARAGATGC CACAGCACAG AAAT

CARGCTCTGGT AACTT

CAGCTICTGGT AACTTGGTTA CCARAGATGC CACAGCACAG A

CAGCTCTGGET AR

23[90 ztloo 24|10 24L23 2420 24[40 2450
KEL.SEQ |CCATGGAATC AGAGCAAGAT TTCOCTTICTG CTTCTGTTCC ARABATAAAA GOTGGCACTT GGCTTCCGCC
PM POS <wn

PM NEG ==

AT POS <==

AT NEG K==

GT POS <=

GT NEG <m

TC POS <==

TC NEG <==

240 2470 2480 2490 23p0 2510 2520
KEL,S80  |CGGRATTC B
EM POS <==
PM NBG  |<==
AT POS ==

AT NEG <z=
GT POS <=z
GT NEG <==
TC POS ==
FC NEG <mn
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