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00 - Optical density 

210H - 21-Hydroxylase 
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SOS - Sodium dodecylsulphate 

SLE - Systemic lupus erythematosus 

TEMED - N, N, N 1 , N 1 - tetramethy1 ethylene-
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Tris - Tris (hydroxymethyl) aminoethane 

U - Units
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ABSTRACT

Molecular Mapping of the HLA Class III Region.

Carole A. Sargent St.Peter's College 
Submitted for the degree of D. Phil. Michaelmas Term, 1988

(a) The class III region of the human MHC is approximately 1.1 Mbp in 
size. Almost 50% has been cloned in two overlapping cosmid clusters by 
chromosome walking from the complement/ 210H gene cluster and from the 
TNF a locus. The complement/ 210H cosmid cluster consists of 45 
independent recombinants, spaning 390 kb. The TNFa and TNF B cosmid 
cluster consists of 16 independent recombinants, spanning 150 kb. Each 
genomic insert has been characterised by restriction enzyme digestion 
and Southern blot analysis to produce a detailed restriction map of the 
cloned region.

(b) Single copy DNA sequences isolated from the cosmid clones have been 
hybridised to Southern blots of genomic DNA digests separated by 
pulsed-field gel electrophoresis (PFGE). This analysis has established 
the orientation and precise position of the complement/ 210H gene 
cluster within the class III region relative to the class I and class II 
genes. Furthermore, probes from the TNF cosmid cluster have been used to 
show that the TNF genes lie ^250 kb centromeric to the HLA-B locus. The 
gene order from the centromere is HLA-DR-210HB-C2-TNF a-TNF 3-HLA-B, 
with HLA-OR separated from 210HB by 300-350 kb, and C2 separated from 
HLA-B by 650 kb.

(c) Genomic probes have been used in conjunction with PFGE to define the 
positions of RTF islands within the cloned portion of the class III 
region. Single copy sequences associated with these islands have been 
hybridised to Southern blots of DNA from a variety of animal species to 
look for cross-hybridisation indicative of phylogenetic conservation of 
coding sequences. These probes have been used to screen Northern blots 
and define island related transcripts. The products of 15 genes have 
been mapped within the cloned region. Of these, two have been identified 
as duplicated members of the HSP 70 family. The remaining loci appear to 
be single copy sequences. One (Gil) has been cloned and characterised.
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CHAPTER I



INTRODUCTION 

1.1 GENERAL INTRODUCTION

The major histocompatibility complex (MHC) consists of clusters of 

polymorphic loci which belong to multigene families involved in immune 

regulation. In all vertebrate species studied so far, the genes appear 

to remain linked on one chromosome (Gotze, 1977; Klein and Figueroa, 

1986). The MHC has been most extensively investigated in man and mouse 

(Fig. 1.1). The human MHC, or HLA (for human leukocyte antigen) has been 

mapped to the short arm of chromosome 6 (Lamm et al., 1974; Franke and 

Pellegrino, 1977) in the distal portion of the 6p21.3 band (Morton £t 

al., 1984; Lamm and Olaisen, 1985). The murine MHC, termed the H-2 

complex, is located on chromosome 17 (Klein, 1975). In both species, the 

MHC gene products can be divided into three separate classes, depending 

upon their structures and functions. The class I and class II antigens 

are heterodimers which form integral membrane glycoproteins (Klein et 

al., 1983; Hood ^t j*l_,_, 1983; Steimetz and Hood, 1983; Kaufman et al., 

1984; Strominger, 1987; Duquesnoy and Trucco, 1988). They are important 

for the recognition of foreign antigens during cell mediated immunity, 

such as cell lysis by cytotoxic T lymphocytes (CTLs) and the antibody 

response. In man and mouse, the loci encoding the class I and class II 

specificities flank the class III region (Hood et al., 1983). The class 

III genes are more heterogeneous, encoding complement components C2, 

factor B and C4 (Campbell £t al_._, 1986, 1988; Chaplin, 1985), cytochrome 

P450 steroid 21-hydroxylase (210H) (Carroll et jfL_, 1985b; Chaplin, 

1985), the cytokines tumour necrosis factors (TNF) a and 0 (Carrol! et 

al., 1987; Dunham e± jfL_, 1987; Inoko and Trowsdale, 1987; Ragoussis et
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al., 1988; Muller et al., 1987b), and two molecules of unknown function, 

B144 and RD (Tsuge et aj_^, 1987; Levi-Strauss et aJL_, 1988).

The class I antigens were originally identified as the determinants 

involved in graft rejection (Gorer, 1937), and are the classical 

transplantation antigens. Each class I molecule consists of a 

polymorphic heavy (a> chain of relative molecular weight (M ) 43,000 

daltons (43 kD) non-covalently associated with a light chain of M r 12 

kD. The light chain is B?microglobulin (B^m), a non-polymorphic peptide 

encoded outside the MHC (chromosome 15 in man; chromosome 2 in mouse). 

Similarly, the class II antigens were first defined as elements 

governing the level of the immune response to given peptide immunogens 

in guinea pigs and mice (Katz and Benacerraf, 1976; Benacerraf, 1981). 

Like class I antigens, they consist of a heavy (a) chain (M , 33 kD), 

which is relatively non-polymorphic, and a light ( B) chain (M , 28 kD) 

which is far more variable. Both chains are encoded within.the MHC.

The complement components of the class III region are serum 

glycoproteins. C2 and factor B are serine proteases of unusual structure 

which perform analogous roles in the classical and alternative pathways 

of complement activation (Reid and Porter, 1981; Reid, 1986; Campbell et 

al., 1988). C4 is an early member of the classical pathway, which 

interacts with C2 to form a C3 convertase (Reid and Porter, 1981; Reid, 

1986; Campbell e_t aK_, 1988). In contrast, 210H is a microsomal enzyme, 

which has an important role in the biosynthesis of mineralocorticoids 

and glucocorticoids in the adrenal gland (Nerbert and Gonzalez, 1987). 

TNF a and Bare polypeptides, secreted by macrophage and T lymphocytes 

respectively, which are cytotoxic to tumour cells (Old, 1985; Sugarman 

et al., 1985; Beutler and Cerami, 1986). In addition, TNF a is a 

mediator of inflammatory reactions (Beutler and Cerami, 1986; Old, 

1987).



Characterisation of the MHC at a molecular level is of interest for 

several reasons. Firstly, it represents -vl/750 of the human genome, and 

the functions of many of its products are well understood. Secondly, 

there are a number of diseases of both an autoimmune and a non-immune 

aetiology where a genetic predisposition can be mapped to the HLA region 

(for reviews, see Batchelor and McMichael, 1987; Tiwari and Terasaki, 

1985). In some cases, the disease can be directly associated with the 

products of the class I, class II or class III regions (Glass et al., 

1976; Fielder lejtjn^, 1983; Batchelor and McMichael, 1987; Todd et a!., 

1988a, 1988b). In others, the correlation may be the result of linkage 

disequilibrium between the HLA marker and another, as yet undefined gene 

within the MHC (Bodmer and Bodmer, 1978; Batchelor and McMichael, 1987).

The products of the known loci display extensive polymorphism at the 

protein level (Steinmetz and Hood, 1983; Hood et aK_, 1983; Klein et al. 

1983, Kaufman et. jil_._, 1984, Strominger, 1987; Festenstein and Oilier, 

1987^. Serologically defined determinants have been used to specify the 

class I loci, A, B and C, at least three class II aB heterodimers called 

OR, DP and DQ, and two C4 loci. Each locus encodes a range of alleles of 

which the number of possible combinations is far greater than that 

observed in the population as a whole. Linkage disequilibrium is defined 

as the combination of specific allotypes at linked loci on the same 

chromosome at a frequency greater than that expected from the individual 

frequencies. Haplotypes were originally termed to describe the 

association between the D region and the HLA-B alleles (Bodmer and 

Bodmer, 1978). Since then, linkage disequilibrium has been shown to 

include combinations of the complement proteins, leading to the idea of 

the extended haplotype (Alper et al., 1986\ For a given haplotype 

including OR, C2, Bf, C4 and HLA-B specificities, the possible alleles 

at other linked loci are also limited.



The distance between HLA-A and HLA-DP in man has been estimated as 3-4 

centimorgans (cM) from studies of recombination within families. Of 

this, <a cM lies between HLA-B and HLA-DR (Olaisen ert lL_, 1987). If the 

class III region is defined as all the genes between class I and class 

II, then there may be many which have yet to be characterised. This has 

been highlighted by the recent mapping of four new genes to the class 

III region; firstly the confirmation of the location of the TNF loci 

between HLA-B and the complement cluster (Dunham et al., 1987; Carrol 1 

ii£L» 1987; Inoko and Trowsdale, 1987; Ragoussis et aj_._, 1988), and 

secondly the identification of the novel genes B144 and RD (Tsuge et 

al., 1987; Levi-Strauss et al_,_, 1988).

In order to characterise a region of this size in detail, two 

techniques are especially useful. Firstly, chromosome walking allows the 

construction of a molecular map of the class III region. The cloned DNA 

can be analysed for the distribution of unique sequences, followed by 

the analysis of single copy probes to define which nucleotide sequences 

are conserved between species. This represents one approach for the 

identification of potential genes (Monaco et al., 1986). Secondly, 

pulsed-field gel electrophoresis (PFGE) (Schwartz and Cantor, 1984; 

Carle and Olson, 1984; Anand, 1986) allows the separation of fragments 

up to 8,000 kb in size, and can be used to produce long-range 

restriction maps based on the hybridisation of probes to common 

fragments on Southern blots (Brown and Bird, 1986; Lindsay and Bird, 

1987). Used together, the two techniques are especially powerful for 

elucidating the overall organisation of a genomic region, as has been 

shown for the class II genes (Hardy et al., 1986).

The infrequently cutting enzymes used in PFGE are also useful for 

identifying HTF islands. These are CpG rich, unmethylated stretches of 

DNA which are often found at the transcriptional start sites of genes



(Bird, 1986; Gardiner-Garden and Frommer, 1987). Comparison with the 

distribution of the same enzyme sites in cloned DNA can be used to 

define which are cleaved at the chromosomal level. Once the position of 

a potential island structure has been found, flanking probes may then be 

used to search for transcripts by Northern blot hybridisation. By 

identifying novel gene transcripts, and characterising potential 

products of these loci, it is hoped that molecular mapping of the class 

III region will aid in the understanding of the nature of HLA 

association and disease.

1.2 THE CLASS I REGION

The products of three loci, termed HLA-A, -B and -C have been 

identified in man on the basis of common epitopes recognised by cross- 

species antisera. Each locus displays extensive polymorphism at a 

protein level. Serological testing can be used to group alleles 

according to public antigenic determinants (shared epitopes which are 

cross-reactive with a given antiserum) and to split them according to 

their private antigenic determinants, which define the HLA 

specificities. A total of 24 HLA-A, 52 HLA-B, and 11 HLA-C specificities 

have been recognised by the World Health Organisation (Bodmer, et a!., 

1988).

The class I antigens are expressed on the surface of virtually all 

nucleated somatic cells. In mice, in addition to the classical 

transplantation antigens K, D and L, there are a number of class I 

related proteins encoded by the H-2 associated Qa 2,3 and Tla regions. 

These are less polymorphic, and exhibit a limited tissue distribution 

pattern (Flaherty, 1981). Human activated T lymphocytes have also been 

demonstrated to express unique class I determinants which are not



encoded by the HLA-A, -B or -C loci, and may be equivalent to these 

murine products (Paul ert a_T_^, 1987; Tada et_ £]_._, 1978; van Leeuwen et 

al., 1980; Pontarotti et a]_._, 1986). In addition, a class I antigen that 

is preferentially expressed on resting T cells has been described by 

Koller et_iL_ (1988). The locus encoding this molecule has been mapped 

to a position between the HLA-C and HLA-A loci, and is designated HLA-E. 

The class I heavy chains have a characteristic domain structure (Fig. 

1.2) (Pleogh ejt jil_._, 1981; Ouquesnoy and Trucco, 1988). The 

extracellular portion can be divided into three regions; c^ and a^ °f 

90 amino acids each, and a~, which is similar to the constant domain of 

immunoglobulins. The a« domain contains an intrachain disulphide bond, 

and both a, and ou are glycosylated. Antigenic determinants reside 

primarily within the a, and a 0 domains (Stroynowski et al., 1985; Parham1 <L —— ———

et al., 1988; Srivastava et al., 1987). Here, the polymorphic sites are 

found to lie within variable and hypervariable regions, the most 

polymorphic being the segment between residues 62 to 80. The 

extracellular region is followed by a hydrophobic transmembrane domain, 

and a short hydrophilic cytoplasmic tail, which contains phosphorylation 

sites. Alternative splicing of murine class I mRNA species has also been 

found to produce serum polypeptides which lack the cytoplasmic domain 

(Handy et al., 1988).

1.2.1 3-D Structure

Computer modelling has been used to predict the secondary structure of 

the class I heavy chain, and confirms the immunoglobulin-1ike 

arrangement of the a~ domain (Novotry and Auffray, 1984; Vega et al., 

1984). The a^ and a. domains appeared to be comprised primarily from 6- 

sheet, but a short region of a-helix (positions 146-150) within the a«



Plasma 
Membrane

Cytoplasm

Fig. 1.2 
Basic domain strucure of an HLA class I molecule, showing the positions

of carbohydrate attachment on the external domains. (From Duquesnoy 

and Trucco, 1988)



domain may be important for interaction with cytotoxic T cells (CTLs), 

as substitutions in this region have been shown to decrease the 

efficiency of cell lysis in CTL mediated pathways (Krangel et al., 

1983).

X-ray diffraction studies of a soluble class I molecule (HLA-A2) 

consisting of the ou, op, o^ domains and &,m have been used to analyse 

the three dimensional structure. It has a twofold rotational axis of 

symmetry, with the two immunoglobulin-Tike domains c^ and &m paired 

together, and the cu and c^ domains paired to form the top of the 

molecule. The ou and cu domains have similar folding patterns: the 

N-terminal regions consist of 3 B-strands forming a single anti-parallel 

sheet, whereas the C-terminal regions are a-helical. The sheet forms the 

bottom of a groove at the surface of the molecule, the walls of which 

consist of the side chains of the residues in the 0 helices (Bjorkman et 

al., 1987a).

The cleft is believed to form the antigen binding site of the class I 

molecule. Studies of the variable residues in class I alleles have 

defined regions within the a chain domains that could be involved in 

interactions with peptides and T cell receptors (Bjorkman et al., 1987b; 

Parham et al. ,1988). The a helix of the a, domain has a cluster of 11 

residues between positions 62 to 80 which show high diversity. The side 

chains of these amino acids point into the cleft, or up from the floor 

of the groove, and are probably involved in peptide binding. Variable 

residues in the a helix of the cu domain have side chains which point 

upwards from the surface of the molecule, and may interact with T cell 

receptors. A higher level of diversity in the $ strand of the a? domain 

than the ou domain leads to a hypothesis of peptide binding in which the 

residues of the 6 strands of the ou domain interact with the conserved
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peptide backbone, and the B strands of the cu domain interact with the 

ami no acid side chains,

1.2.2 Biosynthesis

The production of the a chain is controlled at both transcriptional 

and post-transcriptional levels. The biosynthetic pathway includes the 

association with Mi, glycosylation and insertion into the endoplasmic 

reticulum (ER) (Pleogh et aj_._, 1981; Cresswell, 1987; Duquesnoy and 

Trucco, 1988). Association of the heavy chain with B?m is essential for 

expression: in Daudi cells (a Burkitts lymphoma cell line^, which are 

deficient in B~m, and specially selected human and murine class I 

mutants, inability to bind B«m has been demonstrated to correlate with 

the loss of cell surface expression, although intracellular levels of 

the free heavy chain remain normal (Zeff et al., 1986; Krangel et al., 

1982). Once inserted into the ER, the signal peptide is cleaved from the 

molecule, and it becomes glycosylated on the a, and a ? domains. The 

addition of carbohydrate does not appear to be essential, as treatment 

of cells with tunicamycin (an inhibitor of glycosylation) does not 

reduce class I expression. A slow or fast processing rate correlates 

with a low or high level of cell surface molecules. In the mouse, the 

N-terminal sequences of the class I a chains have been shown to govern 

the rates at which intracellular processing and transport are achieved 

(Beck et aj_._, 1986).

The regulation of expression is also governed at the level of 

transcription by interferons a, B, and Y . An interferon response 

element (IRE) occurs in association with a functional enhancer in the 

promoter of the heavy chain gene (Israel et aJL_, 1986). Interferon is 

produced in vivo in response to viral infection, and the effect on class



I gene transcription may be important in relation to MHC restricted 

antigen presentation to virus specific cytotoxic T cells.

1.2.3 Function

Class I antigens are the restrictive elements for the cytotoxic T 

lymphocytes (CTLs) of the immune system (Zinkernagel and Doherty, 1974, 

1979). In particular, CTLs are responsible for the destruction of 

virally infected and neoplastic cells. The T lymphocyte responses do not 

rely upon the expression of intact viral antigens on the cell surface, 

but on the presentation of peptides in the context of a class I 

associated complex. In the example of the influenza virus, CTLs are not 

directed against the haemagglutinin molecule, which normally occurs at 

the cytoplasmic membrane during infection, but against the 

nucleoprotein. The response to the infected cell can be analysed using 

truncated nucleoproteins and peptides to limit the antigenic 

determinants to a peptide of 14 residues (Townsend et al., 1986).

The T cell receptors from different T lymphocyte subsets are known to 

be encoded by the same genes (Marrack and Kappler, 1986). The ability to 

discriminate between MHC antigens correlates with the distribution of 

the CD4 and CD8 cell surface markers. The class I restricted cells are 

CD8 positive and CD4 negative. The CDS molecule has been found to have 

affinity for intracellular class I heavy chains in activated T 

lymphocytes, an affinity which can persist through to the level of cell 

surface expression (Bushkin et al., 1988). There is some evidence that 

the interaction between the proteins involves the formation of a 

disulphide bond (Blue et_ aj_._, 1988), in the vicinity of the junction 

between the a. and ou domains (Stroynowski et al., 1985; Flavell et al., 

1986).



10

As class I molecules present peptides from endogenous proteins, a 

mechanism has been proposed to explain the interaction with antigen. The 

class I chains may come into close proximity with regions of the Golgi 

apparatus specialising with improperly folded proteins. Denatured 

polypeptides, or fragments, from within this compartment escape sorting 

into secondary lysosomes through binding to the class I antigens, and 

thus reach the cell surface (Germain, 1986). During T cell ontogeny, the 

presentation of self antigens in the thymus could be important for the 

deletion of autoreactive clones, a mechanism which results in 

immunological tolerance (Robertson, 1988; Kappler et al., 1988; 

MacDonald et a!., 1988). This hypothesis is supported by the discovery 

that crystallised class I molecules appear to contain a peptide at the 

antigen binding site (Bjorkman et al., 1987a, 1987b).

1.2.4 Genetic Organisation

The structure of the class I gene reflects the domain organisation of 

the protein product (Fig. 1.3) (Srivastava et al., 1985; Flavell et al., 

1986; Strachan, 1987; Duquesnoy and Trucco, 1988). The first exon 

encodes the 5' untranslated sequence and the signal peptide of about 24 

amino acids in length. Each of the a,, ou and ou domains is then encoded 

by a separate exon of approximately 270 nucleotides. The fifth exon is 

about 122 nucleotides and encodes the transmembrane segment plus part of 

the cytoplasmic tail. The remaining three exons contain the rest of the 

cytoplasmic domain (11 and 15 codons in exons 6 and 7) and the 3' 

untranslated region (400 nucleotides in exon 8) (Srivastava et al., 

1985). In total, the genes are approximately 3 kb in length.

Cosmid clones containing class I gene sequences indicate that there 

are at least 20 or more members of the class I family, other than the
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classical HLA-A, -B and -C loci. One of these, designated HLA-E, has 

been mapped between the HLA-C and HLA-A genes (Paul e_t aJL_, 1987; 

Carrol 1 et_ aj_._, 1987). The remainder probably lie telomeric to HLA-A 

(Orr and DeMars, 1983) and represent both genes and pseudogenes 

(Malissen et al_._, 1982; Srivastava et aK_, 1985, 1987; Strachan, 1987; 

Ponterotti et_ aj_._, 1986). These may be analogous to the class I related 

Qa and Tla regions of the murine H-2. The numbers of the mouse genes 

vary between inbred strains (Winoto et al., 1983; Weiss et al., 1984; 

Flavell et al., 1986), and there is some evidence that this may also be 

true for the class I-like genes in man (Srivastava et al., 1985 and 

1987). The functions of these extra genes are unknown, but they may 

serve as a reservoir of nucleotide sequences for the generation of 

polymorphism.

The organisation of the HLA class I region has been determined using 

PFGE (Carroll et al_^, 1987; Dunham et_ aK_, 1987; Chimini et aT^, 1988) 

and has been estimated at a minimum of 1,600 kb. The loci are arranged 

in the order HLA-B, -C, -E, -A, from the centromeric side of the 

cluster. The distance from HLA-B to HLA-C is about 250 kb, with a 

minimum distance between HLA-C and HLA-A of 1,000 kb. The HLA-E gene is 

at least 650 kb telomeric to HLA-C.

1.3 CLASS II REGION

The class II antigens are encoded by a series of linked loci in the D 

region of the MHC (Trowsdale e_t al_._, 1985; Trowsdale 1987). The products 

of three subregions can be defined serologically, and on the basis of 

mixed lymphocyte responses (MLR). In the MLR, donor lymphocytes, which 

are irradiated to prevent proliferation, are mixed with responder 

lymphocytes and the degree of stimulation depends upon the number of
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determinants in common. In total, 26 Dw specificities have been defined. 

The additional specificities belonging to the individual subregion 

products are divided into 20 OR, 9 DQ and 6 DP, as recognised by the 

World Health Organisation (Bodmer et_ a]_._, 1988). In mice there are fewer 

class II genes mapping to the I-A and I-E subregions (Klein, 1981; 

Widera and Flavell, 1985; Flavell et a]^, 1986).

The class II antigens are selectively expressed only on B cells, 

antigen presenting cells (such as macrophages and dendritic cells) and 

activated T cells. OR determinants are usually detected before DQ on T 

lymphocytes. The 3 chains of the class II molecules show extensive 

polymorphism, both at protein and nucleotide levels, but with the 

exception of DQa, the heavy chains appear to be invariant (Trowsdale et 

al., 1985; Trowsdale, 1987).

Both the a and $ chains have a similar domain structure (Fig. 1.4). 

The ou and B, domains occur at the surface of the molecule, and are 

highly polymorphic. As with the class I heavy chain, the polymorphic 

regions can be divided into variable and hypervariable segments. The ou 

and &, domains are more conserved, and, like the class I cu domain and
c o

6pm, are homologous to the Ig constant domain. Each section of the 

extracytoplasmic portion consists of 85-95 amino acids, and, with the 

exception of the a. domain, contains an intra-chain disulphide bond. The 

C-terminus of each chain consists of a mostly hydrophobic transmembrane 

segment of about 25 residues, and a cytoplasmic tail which varies 

between 10 and 20 amino acids in length. The molecule is glycosylated on 

the a., ou and B- domains, the differences in the carbohydrate moeities 

being largely responsible for the observed differences in the molecular 

weights of the two chains.



Plasma 
Membrane

COOH
Cytoplasm

Fig. 1.4

Basic domain structure of an HLA class II molecule, showing the 

positions of carbohydrate attachment on the external domains. 

(From Duquesnoy and Trucco, 1988)
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1.3.1 3-D Structure

No class II molecule has been crystallised to study in an analogous 

fashion to the class I antigens, but the overall domain organisation 

suggests that the two have a similar three dimensional arrangement. 

Comparison of the predicted class II secondary structure with the known 

class I crystal structure suggests that the a, and Bi domains can form a 

binding cleft with N-terminal 8-sheet forming the floor and C-terminal 

a-helices the walls. Homologous a-helices from different molecules show 

a pattern of conserved residues every 3/ 4 amino acids, which form a 

face to the helix. In the B-strand, polymorphic residues occur at the 

bottom of the cleft. Regions between the defined secondary structures 

may form loops. Like the groove in the class I antigen, the binding 

cleft of the class II molecule contains some polymorphic sites which 

would interact with a peptide, and others which could interact with a T 

cell receptor. The cleft could accomodate an a-helix or extended 

polypeptide such that a T cell receptor could recognise the MHC 

determinants and the presented antigen simultaneously (Brown et al., 

1988).

1.3.2 Biosynthesis

The signal peptides of the heavy and light chains probably bind to a 

receptor at the endoplasmic reticulum, and are cleaved off on the 

luminal side of the membrane (for reviews, see Cresswell, 1987; 

Cresswell et al., 1987). The immature class II molecule is found in 

association with a third protein, the invariant chain (I or Y) which is 

a 216 amino acid polypeptide encoded on human chromosome 5. The complex 

is transported to the Golgi apparatus, during which time it becomes
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glycosylated. Dissociation of the I chain occurs just before insertion 

into the cell membrane, and is blocked by monensin and chloroquine. The 

inhibition by these drugs suggests that an intracellular protease in an 

acidic compartment may be required to catalyse the dissociation process 

(Blum and Cresswell, 1988).

The level of class II expression is down regulated by prostaglandin E 

in murine macrophages (Snyder et al., 1982). In addition, factors from 

activated T lymphocytes and y interferon can induce class II negative 

cells to become positive. Although an interferon response element has 

been located 5' to class II genes, it is not found in conjunction with 

an enhancer similar to the class I genes, and the mechanism of 

regulation may be different (Israel et al., 1986).

1.3.3 Function

The MHC class II antigens act as the restriction elements for the 

helper T cells (T,) of the immune system, and are therefore involved in 

the regulation of humoral responses (Shevach and Rosenthal, 1973; Katz 

and Benacerraf, 1976; Benacerraf, 1981). In rodents, the alleles of the 

class II genes have been shown to govern the ability of the animal to 

produce antibody against a given immunogen, and have been termed the 

immune response (Ir) genes (Benacerraf, 1981).

The T cell receptor of the activated T, cell recognises only antigen 

which has been processed by a class II positive accessory cell. As with 

CTLs, the antigenic determinant is a peptide fragment derived from the 

original protein immunogen (Watts et al., 1985; DeLisi and Berzofsky, 

1985; Ogasawara et_ aj_^, 1987). The most antigenic peptides are believed 

to be those capable of forming short stretches of a-helix which are 

amphipathic in nature (DeLisi and Berzofsky, 1985). This may be
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important for stabilisation and interaction with the class II binding 

site.

T helper cells recognise class II by interaction between the CD4 

molecule and the MHC product. The nature of this association is unknown.

A mechanism for the interaction of the class II molecule with the 

exogenous protein antigens has been proposed by Germain (1986) on the 

basis of the chloroquine sensitivity of presentation. Antigens are 

taken up by the processing cell by receptor mediated endocytosis or 

pinocytosis. They pass to endosomes, where they are denatured or 

fragmented. Here, the peptides come into contact with class II molecules 

which are being recycled from the cell surface, and are returned to the 

cytoplasmic membrane as a class II asssociated complex.

1.3.4 Genetic Organisation

A number of laboratories have been involved in the characterisation of 

the class II antigens at a molecular level (for reviews, see Trowsdale 

et_ jfL_, 1985; Trowsdale, 1987; Strominger, 1987). Analysis of both cDNA 

and genomic clones has allowed the division of the HLA-D region into 

subregions DR, DQ, DP, ON/ DO, each containing at least one a and 3 

chain gene. Serologically defined products have only been detected from 

DR, DQ, and, DP.

Studies of recombination within the HLA-D region and analysis of 

deletion mutants have defined that DP is centromeric to DR (Shaw et al., 

1981; Kavathas et aK_, 1981). Strong linkage between DQ and DR 

specificities in given haplotypes implies that these genes are also 

close together (Trowsdale et_ aj_,_, 1985; Cohen et_ aJL_, 1985a). The exact 

organisation cannot, however, be determined from these data, or from 

cosmid walking, as none of the cloned subregions have been linked. Using
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PFGE with chain specific probes, the order has been established by Hardy 

et al. (1986) as centromere-DP-DNA/ DOB-DQ(2)-DQ(l)-DRB-DRA-telomere, 

with an overall size of 1,100 kb. This has been confirmed by the work of 

others (Carrol! e_t al_._, 1987; Dunham et al_._, 1987).

The a chains are not very polymorphic, with the possible exception of 

DQa, as comparison of the gene sequences shows a 50% conservation 

between the coding sequences, increasing to 60% for the cu domain, 

connecting peptide and transmembrane regions (Trowsdale et al., 1985). 

Most of the allelic variation which contributes to the serologically 

defined antigenic determinants resides in the 3 chain. Both a and 3 

genes share a similar structure which reflects the domain organisation 

of the protein, although 3 chains may have extra introns which separate 

the cytoplasmic domain and the transmembrane region, and make them more 

like class I a chain genes (Fig. 1.3). 

The DP Subregion

Cosmid clones encompassing 100 kb of genomic DNA have been isolated 

from the DP subregion (Trowsdale et al., 1984; Okada et al., 1985a). 

These contain two pairs of a and 3 chain genes, presumably derived from 

the duplication of a single ancestral unit. An a/3 pair is arranged head 

to head, so that each gene is inverted with respect to its neighbour. 

The order of the genes within the cosmid clones is DPB2-DPA2-DPB1-DPA1. 

The DPB1 gene is unusual as it contains a processed pseudogene in the 

intron 5' to the 8-, coding domain. The pseudogene is derived from the 

ribosomal large subunit protein L32 (Young and Trowsdale, 1985; 

Trowsdale et al., 1984). Although the DPA1 and DPB1 genes are expressed 

(Okada £t al_._, 1985a), sequence analysis suggests that DPA2 and DPB2 are 

probably pseudogenes (Okada ett a|_._, 1985a; Kappes and Strominger, 1986). 

The functional DPB1 gene is probably the human equivalent of the mouse 

A33 gene, as determined from comparison of nucleotide sequences (Widera
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and Flavell, 1985). 

The DO/ DN Subregion

The HLA-DNA gene has been cloned and characterised from cosmid genomic 

libraries by cross-hybridisation with the DRa chain cDNA (Trowsdale et 

a!., 1983; Spielman et a!., 1984). It has been mapped to chromosome six 

by human-mouse somatic hybrids (Spielman et al., 1984) and by PFGE 

(Hardy et al., 1986). There is evidence for an expressed transcript 

(Inoko et_ a]_._, 1985; Trowsdale and Kelly, 1985), but not for a protein 

product. The mRNA is 3.5 kb in length, rather than the 1.2 kb predicted 

from the genomic sequence. The large transcript may arise owing to an 

abnormal polyadenylation signal, ACTAAA (Trowsdale and Kelly, 1985). No 

polymorphism has been detected at a genomic level (Inoko et al., 1985; 

Trowsdale and Kelly, 1985).

HLA-DOB cDNA clones have been isolated from a homozygous cell line. 

Sequence analysis suggests it is closest to the murine A6,,.gene and, by 

analogy, ought to map between DP and DQ/DR (Tonnelle et al., 1985)

Genomic clones linking DOB to DNA or to other class II subregions have 

not been isolated. The gene products are unlikely to constitute a 

heterodimer, as they are not under the same regulatory controls 

(Tonnelle ^t a]_^, 1985). 

The DQ Subregion

Like the DP subregion, DQ contains two pairs of related a and B genes. 

In addition, another 3 chain gene (DV) has recently been mapped to the 

region between the DQA2 and DQB1 loci (Trowsdale and Campbell 1988). 

Both cDNA (Schenning et al., 1984) and genomic clones (Spielman et al., 

1984; Okada et al., 1985b) have been isolated from the DQ subregion. The 

clones show that the genes in each pair are inverted with respect to one 

another, as in the DP subregion. The a genes are ^ kb, and the 6 genes 

7-10 kb in length, with DQA1 and DQB1 separated by 12 kb, and DQA2 and
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DQB2 by 8 kb. The two clusters are not linked, but, as HLA-DQA1 and 

-DQB1 are in linkage disequilibrium with OR, the suggested gene order is 

DQB2-DQA2-DQB1-DQA1- DR (Spiel man et jil_._, 1984). It is not known whether 

the DQB2 and DQA2 genes are expressed. Southern blots show that the DQB2 

and DQA2 genes are not polymorphic at a genomic level (Okada et al., 

1985b), but that both DQB1 and DQA1 encode different allelic forms 

(Auffray e_t al_._, 1983; Okada et aK_, 1985b; Spielman et_ .al_,_, 1984). The 

genomic polymorphisms can be equated with serological specificities, and 

used to define further polymorphisms at the nucleotide level. Sequence 

comparison infers that DQB1 is analogous to the murine ABl gene (Auffray 

e_t al_._, 1983). 

The DR Subregion

The DR subregion contains one DRa chain gene, but a variable number of 

DRS chain genes, which depends upon the DR haplotype (Bohme et al.,

1985). The DRa chain cDNA and gene sequences were first elucidated by 

Lee et al. (1982). Only one polymorphism has been found (Trowsdale et 

al., 1985; Trowsdale, 1987). In contrast, the isolation of DRB chain 

cDNA clones (Long et al., 1985) has allowed their classification into 4 

major subsets, at least two of which appear to be non-allelic. 

Characterisation of cosmid clusters (Spies et al., 1985; Meunier et al.,

1986) containing genes from the DR subregion of a DR4 haplotype has 

linked HLA-DRA to HLA-DRBIV (the light chain gene encoding the DRw53 

serological specificity). The genes are arranged 3' to 3', and separated 

by 90 kb. Isolated conserved elements consisting of the DRB 5' promoter 

and signal sequences occur six times within the cloned region (Spies et 

al., 1985) and an individual & exon has been located 15 kb 3' to the 

DRA gene (Spies et al., 1985; Meunier et al., 1986). The function of 

these repeat elements is unknown, but there is speculation that they are 

required for the coordinate expression of the a and B chain genes (Spies
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et al., 1985). As the B-, exon is the most polymorphic of the light chaini
domains, and encodes the specificities of the DR protein products, the 

isolated exon may serve as an extra reservoir for DMA exchange (Meunier 

£t al^, 1986).

The other two ORB genes are organised 3' to 5', separated by 22 kb. 

Overall, the genes are probably arranged DRBI-DRBII-DRBIV-DRA. The DRBII 

locus represents a pseudogene, whereas DRBI encodes the DR4 serological 

specificity (Spies et_ ^1_._, 1985).

Restriction fragment analysis of homozygous typing cell lines shows 

that RFLPs with the enzymes Tag I, Pvu II and Bam HI (Bohme et al., 

1985; Trowsdale et_ a]_._, 1985) can be used to classify alleles at the DRB 

loci. The DR2 to OR7 haplotypes all have three 3 chain genes, of which 

DRBI encodes the DR serological specificity. Both DR4 and DR7 have the 

pseudogene DRBII, and the DRBIV gene. DR1 has two genes (DRBI and DRBII) 

(Sorrentino et al., 1985), whereas there is evidence for only one gene 

(DRBI) in the DR8 haplotype. The DRw52 specificity is associated with 

the DRBIII gene.

The DR subregion of the MHC is equivalent to the I-E subregion of the 

H-2 complex, as the DRa chain is most homologous to the I-Ea chain.

1.4 THE CLASS III REGION

The loci for the complement components C2, C4 and factor B were linked 

to the HLA on the basis of inheritance of polymorphic forms of the 

proteins with HLA haplotypes (Alien, 1974; Fu £t a]^, 1974; O'Neill et 

al., 1978; Awdeh and Alper, 1980). They could be mapped to a positon 

between the HLA-D and HLA-B loci from family recombination studies 

(Weitkamp and Lamm, 1982; Robson and Lamm, 1984). The order of the genes 

within the class III region was determined from a series of overlapping
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cosmid clones (Carrol! £t jil_._, 1984) as C2-factor B-C4A-C4B, but, the 

orientation of the cluster and the precise location with respect to the 

class I and II regions was in dispute. By studying extended haplotypes 

and recombination frequencies, groups positioned the complement genes 

closer to HLA-D (Robson and Lamm, 1984; Yunis et jfL_, 1985; Wilton and 

Charlton, 1986), but could not determine whether C4 was closer to HLA-B 

than factor B (Olaisen jrt a]_._, 1983; Wilton and Charlton, 1986) or vice 

versa (Marshall et al., 1984; Abbal et al., 1987). Using a combination 

of cosmid cloning and PFGE, the orientation and distances between class 

III genes and flanking regions of the HLA have now been established 

(Dunham et_ al_._, 1987). C4 is positioned ^350 kb from HLA-D, and C2, at 

the opposite end of the complement cluster, is ^50 kb from HLA-B.

1.4.1 The Complement Pathway

The complement pathway consists of about 13 components, under the 

control of at least 7 other plasma proteins and 15 membrane bound 

molecules or receptors (Fig. 1.5) (Reid and Porter, 1981; Reid, 1986; 

Campbell et al., 1988). There are two pathways of activation, termed the 

classical pathway and the alternative pathway. The classical pathway is 

activated by the Fc regions of immunoglobulins IgG and IgM in immune 

aggregates, whereas the alternative pathway is mainly activated by the 

polysaccharides of bacterial and yeast cell walls. The pathways merge at 

the level of membrane attack complex (MAC) formation, with the 

complement component C3 playing a central role in the coordination of 

the early and late stages of the cascade.



EARLY ACTING COMPONENTS ENZYME COMPLEXES TERMINAL
WHICH ACTIVATE C3 AND C5 COMPONENTS

C1q(r 2*2 )

CLASSICAL 
PATHWAY - - - *. 
ACTIVATOR

_ C1q(r 2 s 2 ) +C2 ,C1q(r2 s 2 )
C4 X » C4b——»»C4bC2 \ » C4b2a^-^C4b———^C4bC2———^-* 

1 \
C4a C2b ' ' C3a

C3a \ 1/c:

Surface 
C3 C3b+ site +C5

C3-
C3a

ALTERNATIVE
PATHWAY
ACTIVATOR

C3(H 2 0)Bb
Ba

• . • Denotes proenzyme form 
C3(H 20).B,D * Denotes activated form

Fig. 1.5

The two pathways of complement activation. The classical pathway is 

activated by antibody-antigen aggregates. The alternative pathway is 

activated by antibody-antigen aggregates or bacterial polysaccharides 

(From Reid, 1986)
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1.4.2 Functions of the Class III Complement Components

C2

C2 is the third serine protease of the classical pathway for the 

activation of complement (Reid and Porter, 1981; Reid, 1986; Campbell et 

al., 1988). It is synthesised as a 754 amino acid precursor which is 

glycosylated and cleaved to yield the 734 residue plasma form of M 102 

kD (Bentley and Campbell, 1986). Three major protein forms have been 

identified, of which the most common is C2C (97% of the Caucasian 

population), the others being a more acidic variant (C2A; gene frequency 

<1%) and a more basic variant (C2B; gene frequency ^%) (Alper, 1976).

In the activation of the classical pathway, Cl interacts with the Fc 

portion of IgG or IgM in immune aggregates (Reid and Porter, 1981; Reid,

1986). The Cfs protein of the Cl complex activates C4 by cleaving the
2+C4a peptide (M , 9 kD) from C4b. C2 then associates with C4b in a Mg

dependent reaction, and is itself cleaved by Cls into a non-catalytic 

chain of 30 kD (C2b) and a catalytic chain of 70 kD (C2a) which contains

the C-terminal serine protease domain. The C4b,2a complex acts as the C3 

convertase of the classical pathway, splitting the C3 molecule into C3a, 

a 9 kD anaphylatoxin, and C3b. Binding of the C3b molecule to C4b in the 

C4b,2a complex (Takata _et _§]_._, 1987) alters its activity to a C5 

convertase, thus initiating the formation of the membrane attack 

complex. 

Factor B

Factor B is a serine protease of the alternative pathway of complement 

with homologous functions to C2 of the classical pathway. It is 

synthesised as a 764 amino acid polypeptide which is glycosylated and 

cleaved to give a 739 residue plasma form of M r 90 kD (Bentley and 

Campbell, 1986). There are two major variants, F and S, plus two less
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common variants F, and S,, and other minor forms (Alper et al., 1972;i i     

Mauff et aK_, 1978).

In the activation of the alternative pathway, factor B associates with
2+ 

the C3b-like molecule C3(H,,0) in a Mg dependent manner. In this form

it is cleaved by factor D, a 24 kD serine protease, into a non-catalytic 

chain of 30 kD (Ba), and its C-terminal catalytic chain of 60 kD (Bb).

Bb ,C3b, or, BbC3(H 20), acts as the C3 convertase of the alternative

pathway. Like C4b,2a, association of further C3b with C3b,Bb leads to 

the formation of a C5 convertase, initiating the formation of C5b-9. 

C: C4

C4 is the second component of the classical pathway of complement 

activation. More than 35 polymorphic variants, attributable to two 

isotypic loci have been defined (O'Neill et al., 1978; Olaisen et a!., 

1979; Mauff et al., 1983). It is synthesised as a single polypeptide 

chain of M 200 kD, which is subsequently glycosylated and cleaved into 

the disulphide bonded a, 3 and Y chain plasma form.

The isotypes, C4A and C4B, have different activities in haemolytic 

assays (C4B>C4A), C4A being more reactive with amino groups than hydroxl 

groups and C4B being equally reactive with either (Law et al., 1984; 

Isenman and Young, 1984). The differences in binding to amino or 

hydroxyl groups may be of biological importance, allowing the removal of 

a wider range of pathogens with differing surface antigenic structures 

(Porter, 1983).

C4 is activated by the Cls protein of the Cl complex, which removes 

the C4a peptide (M , 9 kD) from C4b. The C4b molecule binds covalently 

to cell surfaces via a reactive carboxyl group on a glutamyl residue 

forming an ester or amide bond (Law et al., 1984; Campbell et al., 

1980), or may react with water to form fluid phase C4b. The interaction 

of C4b with C2 leads to the formation of the C3 convertase of the
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classical complement pathway, and, ultimately to cell lysis by the MAC.

In addition to the many allotypic forms of C4, the C4d fragments of 

the isotypic C4A and CAB proteins, when bound to erythrocytes, carry the 

Rodgers and Chido blood group determinants, respectively (O'Neill et 

al., 1978).

1.4.3 Genetics of the Class III Complement Components

The cDNA and genomic structures for C2, factor B and C4 have all been 

determined (Campbell et_ aK_, 1986; Carroll and Alper, 1987; Campbell et 

a!., 1988). The genes have been linked together in a cluster of 

overlapping clones (Carroll et al., 1984) from a cosmid library prepared 

from an individual HLA typed as: HLA-A3, 31; -B14, 37; C2C; BfS; C4A 2, 

3; C4B 2, 1; HLA-DR1, 2 (Grosveld it aj^, 1982). Within the 98 kb 

cloned, single genes for factor B and for C2 were mapped less than 2 kb 

apart, and subsequently shown to lie within 0.5 kb from sequence 

analysis (Wu et al., 1987). Two C4 loci were mapped 10 kb apart, the A 

gene being 30 kb from the 3' end of factor B. All the complement loci 

were organised in the same transcriptional orientation.

A complete molecular map of the C4 region (Carroll et al., 1985a, 

1985b; White et jil_._, 1985) has established that each C4 gene is linked 

to a gene for cytochrome P450 steroid 21-hydroxylase (210H). The 210H 

loci are 2-3 kb from the 3' ends of the C4 loci, and, again, are in the 

same transcriptional orientation as the complement genes. 

C2 and Factor B

The C2 and factor B genes encode mRNA species of 2.9 and 2.6 kb, 

respectively (Morley and Campbell, 1984; Campbell et^ jil_._, 1984; Bentley 

and Porter, 1984). The cDNAs for both C2 (Bentley and Porter, 1984) and 

factor B (Woods ^t jil_._, 1982; Campbell and Porter, 1983^ have been 

isolated from cDNA libraries using oligonucleotide probes based on the
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available amino acid sequence. Complete determination of the cDNAs 

(Morley and Campbell, 1984; Bentley, 1986) reveal that the two proteins 

share structural homologies which may reflect their functional 

homologies in the complement pathways.

Both C2 and Factor B belong to a class of proteins which are 

characterised by a 60 amino acid repeat. The family also includes other 

complement regulatory factors plus some non-complement proteins such as 

&2 glycoprotein 1 and the interleukin-2 receptor (Reid et al., 1986). 

The N-terminal domains of C2 and factor B contain three of these repeat 

units, which may have arisen by duplication of a single ancestral 

segment (Morley and Campbell, 1984). Determination of the gene sequence 

of factor B confirmed this view, as each repeat is encoded within a 

distinct exon (Campbell et al., 1984). The C-terminal portion of each 

protein shares homology with the classical serine proteases, although 

the catalytic subunits are twice as large as, for example, trypsin 

(Campbell and Porter, 1983; Morley and Campbell, 1984). The N-terminal 

portions of the catalytic domains share homology with the von Willebrand 

factor. Similar structural domains have been found in cartilage matrix 

protein and the cell surface glycoprotein Mac-1 (Pytela, 1988).

In total the factor B gene is encoded by 18 exons (Campbell and 

Porter, 1983; Morley and Campbell, 1984). The C2 gene is three times 

larger (18 kb as against 6 kb), and, although the gene structure has not 

been published, a similar organisation would be expected. Given the 

close functional and structural homologies, and the physical proximity 

of the two loci, C2 and factor B probably arose from a common ancestral 

gene by duplication.

The genomic sequence of the factor B F allele differs from the S 

allele in six positions, two of which lie in exons (Campbell et al.,
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1985, Campbell et aj_._, 1988). One is a silent mutation (C to T) at

1 99 
position 3 of the codon for Tyr . The other (G to A^ lies at position

2 of codon 7, and results in the substitution of an Arg (S allele) by a 

Glu (F allele) in the Ba fragment of the protein. This amino acid 

substitution is sufficient to explain the observed electrophoretic 

mobilities of the alleles, with F carrying less positive charge.

The C to T substitution introduces an Rsa I polymorphism which is 

associated with only some of the F alleles (Bentley and Campbell, 1986; 

Campbell et al., 1988). The second, G to A, mutation introduces an Msp I 

polymorphism which can distinguish the F and S alleles at the nucleotide 

level (Bentley and Campbell, 1986; Campbell et_ aj_._, 1988). Additional 

polymorphisms within the C2 gene can be used to subdivide C2C allelic 

variants associated with the F form of factor B (Cross et al., 1985; 

Bentley jrt £[!_._, 1985; Bentley and Campbell, 1986). A polymorphic Tag I 

site in the 3' end of C2 results in a 6.6 kb fragment with a frequency 

of 39%, or a 4.5 kb fragment with a frequency of 61% (Cross et al., 

1985; Bentley et al., 1985). These appear to be correlated with variants 

of F detected by isoelectric focusing (Teng and Tan, 1982; Abbal et al., 

1984), Fa (41%) and Fb (59%).

Southern blot analysis of the C2 gene has defined an Sst I 

polymorphism near the 5' end of the gene (Bentley et al., 1985). 

Fragments of 2.7, 2.65, 2.6 and 2.4 kb have been detected, and shown to 

correlate with similar length variations of other restriction fragments 

(Bam HI and Hind III). This suggests that the observed polymorphisms 

probably arise from the insertion or deletion of short sequences 

(Campbell et al_._, 1988). 

C4 and 210H

The C4A and C4B isotypic variants are encoded by two loci separated by 

10 kb (Carrol 1 et al., 1984) The genes differ in size, owing to the
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presence or absence of a 6-7 kb intron 2.5 kb away from the 5' end. Long 

genes, 22 kb, include all C4A and some C4B genes, including most C4B1 

alleles linked to C4A3. Other C4B genes are only 16 kb in size (Carroll 

et aK_, 1985c; Yu et aK_, 1986; Palsdottir et_ al_^, 1987a, 1987b). The 

long gene can be distinguished from the short gene on genomic Southern 

blots by characteristic restriction fragments associated with the 5' 

end; 4.8 kb Bam HI and 7.5 kb Kpn I fragments in the long gene as 

opposed to 3.3 kb Bam HI and 8.5 kb Kpn I fragments in the short gene. 

Additional polymorphisms in Tag I restriction digests have been used as 

markers for different C4 genes. A 7.0 kb fragment is associated with C4A 

long genes, a 6.0 kb fragment is associated with C4B long genes (as 

opposed to a 5.4 kb fragment with C4B short genes) and a 6.4 kb fragment 

is found in individuals with a C2C, BfS, C4A QO, C4B 1 complotype. The 

latter probably arises from a recombination event between the two C4 

loci which deletes the majority of the C4A gene.

Direct seguence analysis of the C4 cDNAs and genomic clones (Belt et 

al., 1895; Yu et a!., 1986) define only 15 differences between the 

alleles. Twelve of these are occur on the C-terminal side of the 

thiolester bond. Four residues, at positions 1101-1106, can be assigned 

to isotype determination; £CPVLD_ in C4A and LSPVIH. in C4B. These arise 

owing to 5 nucleotide substitutions within a 17 bp block. The major 

Rodgers and Chido determinants are defined within the region 1188-1191. 

The Rgl epitope, VDLL, and the Chl epitope, ADLR., differ by 4 

nucleotides within a 16 bp unit. Restriction fragment length 

polymorphisms with the enzymes Nla IV and Eco 0109 have been used to 

define the isotypic and Rgl/ Chl epitopes at a genomic level (Yu and 

Campbell, 1987; Yu eit_ ^1^, 1988). The other Rodgers and Chido 

determinants appear to consist of both continuous and discontinuous 

epitopes.
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These polymorphisms can help to study the nature of C4 null alleles, 

which occur at a relatively high frequency (5-15% for C4A QO, and 10-20% 

for C4B QO). Although studies suggest that deletions of one of the two 

loci may be responsible in 60% of cases (Carroll et_ aj_._, 1985c; 

Schneider et al_._, 1986), RFLP analysis, along with molecular cloning and 

sequencing suggests that an apparently null allele may arise from the 

conversion of the gene at the "unexpressed" locus to encode the same 

isotype or allotype as the expressed locus (Schneider et ^L_, 1986; Yu 

et. aK_, 1986; Palsdottir et a]^, 1987b). Therefore, in the haplotype 

B35, DR1, C4A 3, C4A 2, C4B QO, the adjacent loci encode the same C4 

isotype (Palsdottir e_t al_._, 1987b; Schneider et al_._, 1986), but in the 

haplotype B44, DR6, C4A 3, C4B QO, the analysis indicates that the 

genotype is C4A 3, C4A 3 (Yu and Campbell, 1987).

Each C4 locus has been shown to be associated with a gene encoding 21- 

hydroxylase, located 2-3 kb from the 3' end (Carroll et al., 1985a, 

1985b; White et lL_, 1985). The 210HA and B loci can be identified using 

the restriction endonuclease Tag I. A 3.7 kb fragment segregates with 

the 210HB gene, and a 3,2 kb fragment with the 210HA gene. This 

difference has been used with deleted haplotypes to define that the 

210HB gene is functional (White et £]_._, 1985). Individuals with 

deletions of this locus suffer from the most severe form of congenital 

adrenal hyperplasia (CAH). Confirmation that 210HA is a highly 

homologous pseudogene comes from sequence analysis (Higashi et al., 

1986; White et ^1_._, 1986; Rodrigues ot_ a]_._, 1987). Comparison of the 

available nucleotide data infers that there could be some polymorphism 

at the 210HB locus in normals, and that in certain cases of CAH the 

210HB gene can have 210HA-like characteristics (Rodrigues et_ a]_._, 1987).
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1.5 OTHER MHC ASSOCIATED GENES

A number of other genes have been mapped to the MHC on the basis of 

associations between polymorphic variants or deficiencies with known MHC 

loci. In mouse, and rat, neuraminidase shows a linkage with class I and 

class II alleles (Figueroa £t jjl_._, 1982; Samollow et_ _a]_._, 1987), and in 

man, there appears to be an association between neuraminidase deficiency 

and the class III region (Oohira et a/K_, 1985; Harada £t _al_._, 1987). The 

cellular oncogene pirn has also been mapped to the appropriate 

chromosomes in man and mouse, although the exact location with respect 

to the MHC is unknown (Hilkens et_ eTL_, 1986; Cuypers et_ al^, 1986; 

Nagarajan et al., 1986). The haemochromatosis locus is thought to lie 

close to the HLA-A locus. A region of homology to the ferritin heavy 

chain probe has been mapped to the appropriate region of human 

chromosome 6 on the basis of cross-hybridisation (Cragg et.al., 1985; 

McGill et al^, 1985). Other genes which could lie within the 6p21-23 

region include HSP 70 (Goate et_ _a_K_, 1987; Harrison et_ jil_._, 1987), 

microtubule associated protein 2, the prolactin gene, and the a subunit 

of chorionic gonadotrophin (see Olaisen et al., 1987).

1.6 THE HLA AND DISEASE ASSOCIATIONS

A range of human diseases show linkage to HLA markers, and can be 

divided into three major groups depending on the aetiology of the 

disease.The first, which includes rheumatoid arthritis, type I diabetes 

(IDDM) and coeliac disease is autoimmune in character, whereas the 

second, including 21-hydroxylase deficiency and idiopathic 

haemochromatosis is not. The third class of disease encompasses those of
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uncertain pathogenesis, such as narcolepsy and psoriasis (Batchelor and 

McMichael, 1987; Bodmer and Bodmer, 1978).

One of the major problems in correlating disease and HLA associations 

arises from the phenomenon of linkage disequilibrium. Within a given 

population, the number of combinations of alleles at the loci is much 

lower than that expected from the frequencies of the individual 

allotypes. This means that certain combinations of class I and class II 

alleles occur as a stable inherited unit, or haplotype. The linkage 

between OR and HLA-B alleles can be extended to include specific 

combinations of the complement genes. From over 1,000 possible 

combinations of factor B, C2, C4A and C4B, only 47 have been found. No 

cross-overs have been observed in the complement gene cluster, 

presumably because of the closeness of the genes at a molecular level. 

Therefore, alleles of HLA-DR, complement and HLA-B can be referred to as 

an extended haplotype (Alper et a!., 1986). Analysis of the other HLA 

loci indicates that there is only a limited variation at these 

positions.

Maintenance of linkage disequilibrium may arise from the selective 

pressure which ensures a specific combination of alleles essential for a 

varied immune response repertoire. Interestingly, one of the extended 

haplotypes which is often found in autoimmune diseases appears to show 

male segregation distortion, similar to the t-haplotype phenomenon in 

mice. Thus, GL02 (but not GL01)-DR3-C2C-BfS-C4A QO-C4B 1-B8 is 

preferentially inherited in IDDM and gluten sensitive families, 

propagating a deleterious haplotype as a result of a chromosomal 

selective advantage (Awdeh e_t aj_., 1983).

To determine how significant the association with the HLA is, all the 

markers ought to be considered. Once a specific allele or haplotype has 

been identified as being prevalent in the patient population, but not
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amongst normal individuals, it is important to consider the ethnic 

origins of the study group. If a given allele always shows a high 

concordance, irrespective of the racial background, there is a 

reasonable chance that this allele is the primary causative agent. If 

different alleles at the same locus show a high correlation, then the 

true disease associated gene may be in linkage disequilibrium with this 

locus.

In some cases a direct role for the class I and class II antigens in 

the pathogenesis of an autoimmune disease can be defined (Todd et a!., 

1988a, 1988b; Batchelor and McMichael, 1987). Such diseases arise as the 

result of the normal function of the immune system when the balance 

between the recognition of foreign antigens and tolerance towards self 

is broken down. In order for this to occur, a triggering antigen must be 

different enough to break the self-tolerance, but similar enough to 

induce a cross-reactivity (Oldstone, 1987). In the case of Reiter's 

syndrome and ankylosing spondilitis, association with B27 persists 

regardless of the race of the patient. Both diseases can occur after 

infection with a number of bacteria such as Shigella, Yersinia, 

Salmonella and Klebsiella. Sequence analysis of one of the 

immunodominant antigens in Klebsiella pneumoniae has revealed a sequence 

homology between a peptide of 6 amino acids and part of the 

hyper-variable domain of HLA-B27. Thus, presentation of the peptide 

during infection could result in the proliferation of cytotoxic T 

lymphocytes directed against the B27 antigen (Oldstone, 1987)

Haplotype matched patients and controls can also be used to define 

genetic polymorphisms that split serological determinants into subgroups 

that correlate with the normal or diseased population. In the case of 

the B8-DR3-DQw2 associated diseases, RFLP analysis has identified a DQB1 

associated 3.7 kb Bam HI fragment absent in IDDM patients, but common in
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haplotype matched controls (Owerbach et a/K., 1986). In addition, a DQB1 

15 kb Hind III polymorphism was found to occur in myasthenia gravis, but 

not in other autoimmune disease or normal individuals (Bell et al., 

1986).

In IODM, human, mouse and rat models have all been shown to require 

particular recessive MHC encoded genes to develop susceptibility to the 

disease (Todd et_ ^1_._, 1988a, 1988b; Prochazka et aj_._, 1987; Eisenbarth, 

1986). Furthermore, autoimmunity is T cell mediated, as illustrated by 

the transfer of T lymphocytes from diabetic to normal animals. In man, 

DR3/4 heterozygotes have a higher relative risk of contracting IDDM than 

DR3 or DR4 homozygotes, whereas DR2 individuals appear to be protected. 

Analysis of Swedish patients indicates that DQB chain associated 

polymorphisms in DR2 diabetics differ from normals, although in DR3 

patients they do not (Bohme et al., 1986). Sequencing DQB genes from 

humans, and the AS genes from non-obese diabetic (NOD) mice, has shown 

that no IDDM sequence is unique to patients, although the occurrence in

normals may be rare. In both man and mouse, normal £ chains contained

57 Asp , but patient chains contained Ser (also Ala or Val in man) at this

position (Todd et aK_, 1988a; Acha-Orbea and McDevitt, 1987). By 

comparison with the class I 3-D model (Bjorkman et al., 1987a, 1987b), 

residue 57 of the class II molecule would occur at the site involved in 

antigen binding, and may alter either the ability to bind the antigen or 

T cell recognition of the complex. The DQ molecule is unusual in that it 

has a polymorphic heavy chain, as well as a polymorphic light chain 

(Trowsdale eit al_._, 1985). The increased incidence of DR3/4 heterozygotes 

in the diabetic population may reflect a complementation which produces 

a DQ heterodimer encoded by genes on different chromosomes (Bohme et 

al., 1986; Todd et_ aj_._, 1988a). A model could then be proposed in which 

the DQ molecule in DR2 resistant individuals induces tolerance to the
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triggering factor by deletion of the T cell subset which would normally 

recognise the antigen. In diabetic individuals, the T cell subset 

involved in the immune response is primarily directed against an 

allotype of OQ, and is not deleted during T cell development. When it 

encounters the relevant environmental trigger (such as a cross-reactive 

viral peptide), or self-antigen in the context of the DQ molecule, it is 

activated. The autoreactive clone would then be responsible for the 

induction of the antibody response against the 6 "ells of the pancreas 

which is observed in IDDM patients. In addition, this hypothesis 

explains the lack of 100% concordance between diabetes and monozygotic 

twins, or inbred mouse strains. Although the somatic genetic background 

is identical, the production of T cell receptors depends on random 

rearrangements of DNA in T lymphocytes (Eisenbarth, 1986; Todd et a!., 

1988a).

Complement deficiencies may also lead to associations between the HLA 

region and diseases. Both C2 and C4 null alleles occur at a higher 

frequency in systemic lupus erythrematosis (SLE) patients than in 

normals. DR2 is commonly associated with a C2 null extended haplotype 

(Alper et a]_._, 1986) and DR3 with a C4A null haplotype. The latter 

includes a deletion of the C4A and 210HA genes (Carroll et al_._, 1985b, 

1985c). In addition, drugs which cause drug-induced SLE appear to 

inhibit the activity of C4, which may result in inefficient removal of 

immune complexes (Sim et al., 1984). Tissue damage in SLE results from a 

failure to limit the size of immune complexes at the site of infection, 

and to contain the response to invading organisms by attracting 

phagocytes. As C4A binds to, and solubilises immune complexes more 

effectively than C4B (Law et_ aj_._, 1984) this could explain a direct 

involvement of the C4A locus.



33

C4 deficiencies can also result in defective antibody mediated 

complement activation, causing a reduced host response to invading 

organisms. This may account for the development of subacute sclerosing 

panencephalitis in C4 deficient patients which arises from the 

persistent subclinical infection by the measles virus.

Other HLA associated diseases that are not related to class I, class 

II or complement genes include 210H deficiency, neuraminidase 

deficiency, haemochromatosis, tuberculosis and leprosy. 210H deficiency 

is correlated with Bw47. However, analysis of patients from the same 

ethnic background revealed common extended haplotypes (Fleischnick et 

al., 1983), including some with rare C4 variants. Mapping of two 210H 

genes 3' to the two C4 loci (White et; al_._, 1985; Carrol! et al_._, 1985a) 

allowed further characterisation of the haplotypes on the basis of Tag I 

restriction fragment differences which distinguished between the 210HA 

and 210HB genes (White et ^K_, 1985). It was concluded that the 210HB 

gene was important for steroid biosynthesis, as this gene was deleted in 

the most severe form of the disease. Different extended haplotypes 

appear to be increased in other forms of the disease, reflecting its 

heterogeneous nature (Alper et al., 1986).

Recent studies have indicated that neuraminidase deficiency in man 

correlates with 210H deficiency in some families (Oohira et al., 1985). 

Genes for neuraminidase have been tentively mapped to the MHC in both 

mouse and rat (Samollow ert aj_._, 1987; Figueroa et_ aK_, 1982), and it is 

possible that, by analogy, the neuraminidase deficiency is in linkage 

disequilibrium with 210H genes owing to the presence of a neuraminidase 

locus within the class III region.

Both tuberculosis and leprosy are diseases caused by mycobacteria, M_._ 

tuberculosis and M. leprae, respectively. Population studies have 

revealed an HLA association with DR2 (pulmonary TB), DR3 (tubercloid
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leprosy) and DQwl (lepromatous leprosy) (Lamb and Rees, 1988). Analysis 

of T cell clones indicates that at least 20% of CD4+ lymphocytes in mice 

inoculated with M. tuberculosis are directed against a member of the HSP 

70 family of stress proteins (Young et_ a]^, 1988). This may lead to 

problems in distinguishing between self and non-self analogues, owing to 

the high degree of homology between species (Lindquist, 1986). One of 

the major human HSP 70 genes has been mapped to the region of chromosome 

6 which includes the MHC (Goate et_ al_._, 1987; Harrison et al_._, 1987) and 

could be in linkage disequilibrium with the observed associations in the 

HLA-D region.

1.7 TECHNIQUES

At the start of this project, in 1985, only 120 kb of genomic DNA from 

the class III region of the MHC had been cloned. This represents, at 

most, about 12% of the class III region. In order to produce a detailed 

map of the whole of this region, two techniques were particularly 

suitable: chromosome walking and pulsed-field gel electrophoresis.

1.7.1 Chromosome Walking

Chromosome walking involves the isolation of a series of overlapping 

genomic clones from a given chromosomal location. Genomic libraries 

prepared in cosmid vectors are generally used in preference to 

bacteriophage X, owing to the twofold increase in the size of the insert 

DNA which can be achieved with the former. The walking process can be 

divided into three stages. Firstly, the isolation of the initial cosmid 

clones. Secondly, the characterisation of the genomic inserts by 

restriction endonuclease digestion and Southern blotting. Finally, the
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identification of unique DNA sequences, and the preparation of new 

genomic probes for rescreening the cosmid libraries.

For ease of library construction and molecular mapping of the genomic 

clones, the DNA used in this study was derived from a homozygous 

haplotype containing only single copies of the C4 and 210H genes. This 

reduced the probability of walking along different sister chromatids.

1.7.2 Pulsed-Field Gel-Electrophoresis (PFGE)

Using standard gel electrophoresis systems, DNA fragments larger than 

20 kb in size are difficult to resolve accurately. Pulsed-field

gel-electrophoresis (PFGE) is a method which allows the separation of

3 fragments upto 5-10x 10 kb in size (Schwartz and Cantor, 1984; Carle

and Olson, 1984; Arnand, 1986), which has been used to resolve intact 

yeast, trypanosome and S.pombe chromosomes. For mammalian systems, the 

smallest chromosomes are still too large, and PFGE must be combined with 

a method of generating fragments in the appropriate size range. As the 

CpG dinucleotide frequency of the vertebrate genome is lower than 

predicted from the base composition, and most CpGs are methylated, 

enzymes which recognise only CpG rich unmethylated sequences produce 

restriction elements suitable for use with PFGE (Lindsay and Bird, 1987; 

Brown and Bird, 1986; Anand, 1986). In addition, there are some rare 

cutting endonucleases with 8 bp recognition sequences, such as Sfi I and 

Not I.

Southern blots of PFGE gels can be made using standard techniques, and 

probed with unique DNA sequences to produce long-range restriction maps 

(Brown and Bird, 1986).

Two methods of PFGE were used in this laboratory. Firstly, the 

orthogonal field system (OFAGE), as described by Brown and Bird (1986)
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and secondly, a cross field gel electrophoresis ("Waltzer") gel system, 

as described by Southern et al. (1987). In the OFAGE system, non-uniform 

fields are generated using long cathodes and short anodes (Fig. 1.6A) 

arranged at an angle of approximately 90°. The direction of the field 

with respect to the migration route of the DNA molecules is altered by 

switching between the pairs of electrodes. During re-orientation, small 

molecules rotate more quickly and display a higher mobility than large 

molecules. By altering the switching times, DNA fragments within given 

size ranges can be separated. The OFAGE system has the disadvantage that 

the outer tracks become curved, making it difficult to estimate the 

sizes of restriction elements. With the "Waltzer" apparatus, much 

straighter tracks can be obtained, increasing the accuracy of the 

long-range maps generated from the data. This system uses a uniform 

field. Again, the DNA molecules are subjected to alternating 

perpendicular fields, but the switching time controls the movement of 

the rotating platform, on which the gel rests (Fig. 1.6B).

1.8 AIMS OF THE PROJECT

The aims of the project were as follows:

(a) to define the orientation of the known class III genes within 

the human MHC,

(b) to produce a detailed restriction map of the class III region by 

characterisation of overlapping genomic cosmid clones isolated 

by chromosome walking,

(c) to search for novel products of the class III region. 

With the latter, it was hoped that the analysis of novel loci would 

aid in elucidating the relationship between disease association with the 

MHC, especially by trying to define a possible molecular basis.



Fig. 1.6

The basic organisation of the OFAGE (A) and "Waltzer" gel systems.In 

OFAGE, the direction of the field is altered by switching between the 

pairs of electrodes numbered 1 and 2. With the "Waltzer" gel 

apparatus, the gel is rotated through 110° relative to the horizontal 

line marked 0, then returned to the original position. DNA molecules 

of different size ranges can be separated by altering the switching 

time, or the intervals between gel rotations.



A The OFAGE gel system

4V*

B The "Waltzer" gel system
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MATERIALS AND METHODS

2.1.1 Enzymes

All restriction enzymes were purchased from Amersham, BRL, New England 

Biolabs, or Boehringer and used according to the supplier's 

recommendations.

Lysozyme and RNase were obtained from Sigma; T4-DNA ligase and the 

Klenow fragment of E.coli DNA polymerase I from Amersham; T4 

polynucleotide kinase and calf intestinal phosphatase from Boehringer; 

and proteinase K from BDH.

Enzymes and reagents for radiolabelling double stranded DNA probes 

were obtained from Amersham ("Multiprime labelling kit" and "Nick 

translation kit")

2.1.2 Chemicals

All chemicals (analar quality) were obtained from BDH, with the 

following exceptions:

Agarose (Seakem and Seaplaque)

Bacto-agar

Bactotryptone

Bind si lane

Caesium chloride

Dextran sulphate

DEAE-Cellulose (DE52)

Ficoll

fl-mercaptoethanol

ICN Biomedicals

Difco

Difco

LKB

S i gma

Pharmacia

Whatman

Pharmacia

Fluka
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Polyvinylpyrrolidone Sigma

Sephadex G-100 Pharmacia

Tris Boehringer

Yeast extract Oxoid

2.1.3 Radioactive Nucleotides

Radioactive nucleotides were bought from Amersham International. r «- 

32P]-dATP and [a- 32 P]- dCTP were supplied at 10 mCi/ml, specific 

activity 3000 Ci/mmol.

2.1.4 Bacterial Strains and Vectors

All bacterial strains were derivatives of Escherichia coli K12.

JM 103 Messing et aK_, 1981 

BHB 2688 Hohn and Murray, 1977 

BHB 2690

MC 1061 Casadaban and Cohen, 1980 

1046 Cami and Kourilsky, 1978 

NM 554 gift of N. Murray

vectors:

pAT 153/Pvu II/8 Anson et aJL_, 1984

pDVcos gift of G. Brownlee

pUC18 Vieira and Messing, 1982

M13mp8 Messing and Vieira, 1982
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2.1.5 Media

2x TY 15 g bactotryptone, 10 g yeast extract, 5 g NaCl, to 11 in 

water. Autoclave before use.

L broth 10 g bactotryptone, 5 g yeast extract, 10 g NaCl, 2.46 g 

MgSO, to 11 in water. Autoclave before use.

HMF 1 10 g bactotryptone, 5 g yeast extract, 10 g NaCl. 2.46 g 

MgS04 , 50ml glycerol, 1.79 g KH 2 P04 , 6.27 g K2HP04> 5.88 g 

tri-sodium citrate, 15 g bacto-agar to 1 1 in water. 

Autoclave before use.

HMF 2 10 g bactotryptone, 5 g yeast extract, 10 g NaCl. 2.46 g

MgS04 , 250ml glycerol, 1.79 g KH 2 P04 , 6.27 g K2HP04 , 5.88 g 

tri-sodium citrate, 15 g bacto-agar to 1 1 in water. 

Autoclave before use.

Agar plates were prepared using 15 g bacto-agar/1 broth. Ampicillin 

was prepared as a stock solution at 20 mg/ml in 1 M sodium bicarbonate. 

Liquid cultures routinely contained ampicillin at 50 ug/ml. All agar 

plates for cosmid colonies contained 50 ug/ml, and plates for plasmid 

recombinants 100 ug/ml.

2.1.6 Standard Solutions

40% acrylamide stock - 38 g acrylamide, 2 g N,N'-methylenebis- 

solution -acrylamide to 100 ml in water. Deionised

30 min with 5 g "Amberlite" MB-3 monobed
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resin, filtered and stored at 4 C.

I native gel mix 5 ml 40% acrylamide, 5 ml lOx TBE, to 50 ml 

in water. Polymerise with 400 M! 10% (w/v) 

APS and 40 Ml TEMED.

0.5x TBE gel mix 15 ml 40% acrylamide, 5 ml lOx TBE, 46 g 

urea to 100 ml in water. Polymerise 40 ml 

with 200 Ml 10% APS, 80 ul TEMED.

l.Ox TBE gel mix 15 ml 40% acrylamide, 10 ml lOx TBE, 46 g 

urea to 100 ml in water. Polymerise 40 ml 

as above.

2.5x TBE gel mix 15 ml 40% acrylamide, 25 ml lOx TBE, 46 g 

urea, 5 g sucrose, trace of bromophenol 

blue to 100 ml in water. Polymerise as 

above.

Buffer Ql 30 ul 1 M Tris-HCl, pH 7.5, 3 ml 100 mM 

spermidine, pH 7, 90 ul 1 M MgCl ? , 300 ul 

250 mM ATP, pH 7, 10 pi B-mercaptoethanol 

to 5 ml in water.

Buffer A 20 Ml JL M Tris-HCl, pH 8, 5 pi 1 M MgCl 2 , 

50 Ml B-mercaptoethanol, 10 M! 1 M EDTA, 

pH 7.5 to 1 ml in water.
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50x Oenhardt's solution - 1% ficoll, 1% polyvinylpyrrolidone, 1% BSA

(w/v, in water).

5x glycerol loading dyes - 10 mg bromophenol blue, 10 mg xylene

cyanol, 3 ml glycerol, 100 ul 0.5 M EDTA 

pH 8, to 10 ml in water.

Hogness Buffer - 4% (v/v) glycerol, 3.6 mM Na2HP04 , 1.3 mM

NaH?PO., 2 mM tri-sodium citrate, 1 mM

MgS04 pH 7.5.

lOx MOPS - 41.83 g 3-(N-morpholino)-propanesulphonic

acid, 4.10 g NaAc, 3.72 g EDTA to 11 in 

water. Adjust to pH 7.5 with 5 M NaOH and 

autoclave before use.

20x SSC - 702 g NaCl, 309 g tri-sodium citrate, to 4

1 in water.

lOx TBE - 109 g Tris base, 55.6 g boric acid, 9.3 g

EDTA to 11 in water. Autoclave before use.

Phenol for extraction of DNA from aqueous solutioins was prepared
 by 

dissolving in 1 M Tris-HCl solution, pH 8.0, then sequentially 

equilibrating in 0.1 M Tris-HCl, pH 8.0, and 10 mM Tris-HCl, pH 8.0. 

Aliquots were stored under 10 mM Tris-HCl, pH 8.0, at -20°
C.
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2.2 BACTERIAL CULTURES

Overnight cultures of bacteria were set up from single colonies picked 

into 10 ml of the appropriate liquid culture medium, supplemented with 

antibiotic where necessary. The cultures were grown up at 37°C with 

aeration for a minimum of 12 hours.

Stocks were prepared from 1 ml of overnight culture, as follows: the 

cells were pelleted in a 1.5 ml Eppendorf tube by centrifugation (1 min, 

12,000 g) then resuspended in liquid culture medium containing Ix 

Hogness buffer. Bacterial stocks were maintained at -70°C for long term 

storage.

2.3 PREPARATION OF NUCLEIC ACIDS

2.3.1 Recovery of Nucleic Acids From Aqueous Solution

(a) organic extraction: an equal volume of phenol equilibrated in 10 

mM Tris-HCl, pH 8.0, was added to the aqueous solution. The 

mixture was vortexed (5 seconds), centrifuged for 3 min at 12,000 

g, and the aqueous layer transferred to a fresh tube. The aqueous 

solution was sequentially extracted with an equal volume of 

phenol/chloroform/isopropanol (25:24:1, v/v), and chloroform/ 

isopropanol (24:1, v/v^ (when required), prior to ethanol 

precipitation.

(b) ethanol precipitation: one-tenth volume of NaAc, pH 7.0, and 2.5 

volumes of cold absolute alcohol were added to one volume of 

aqueous solution. The nucleic acids were precipitated at -70 C for 

30 min, or overnight at -20°C, prior to recovery by 

centrifugation.
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2.3.2 Preparation of High Molecular VJeight Genomic DNA from Whole 

Blood/ Cell Pellets (Bell et al^, 1981)

DNA was prepared from 10 ml whole blood, or from tissue culture cell 

pellets. Whole blood was centrifuged at 2,200 r.p.m. for 10 min (MSE-6U 

to separate plasma from the buffy coat, which was removed to a fresh

tube for DNA extraction. Tissue culture cell pellets contained 

cells.

Forty ml of lysis buffer (10 mM Tris-HCl, pH 7.4/ 5 mM MgCl 2/ 1% 

Triton X-100/ 0.32 M sucrose) was added to the cells, and the suspension 

incubated at 0°C for 15 min. Following centrifugation at 2,000 r.p.m. 

and 4°C for 10 min (MSE-6L) the supernatant was removed, and the pellet 

resuspended in a small volume of lysis buffer. The volume was increased 

to 40 ml and the cells incubated on ice for 15 min, then centrifuged as 

before. The pellet was resuspended in 5 ml SET (150 mM NaCl/ 5 mM EDTA/ 

50 mM Tris-HCl, pH 8.0). The volume was increased to 10 ml SET 

containing 0.5% SDS and 200 ug/ml proteinase K (BDH, fungal) (final 

concentrations) prior to incubation at 37°C for 12 h.

Protein was extracted from the solution as follows. One volume of 

phenol was added, mixed with the aqueous phase, and the mixture was 

allowed to stand at room temperature for 5 min. The organic layer was 

separated from the DNA solution by centrifugation at 2,000 r.p.m. and 

4°C for 15 min (MSE-6L), then removed with a syringe. The DNA was 

similarly extracted once more with phenol, twice with phenol/ 

chloroform/ isopropanol (25:24:1, v/v), and once with chloroform/ 

isopropanol (24:1, v/v). The aqueous layer was removed to a fresh tube. 

The DNA was precipitated with three volumes of absolute ethanol 

(pre-chilled to -20°C) by gentle agitation of the sample tube. The 

precipitate was removed with a sealed capillary tube, washed in 70%
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alcohol (v/v, in water), air-dried briefly and resuspended in 10 mM 

Tris-HCl/ 0.1 mM EDTA, pH 7.4 at 4°C. Once in solution the DNA was 

dialysed against 10 mM Tris-HCl/ 0.1 mM EDTA, pH 7.4, for 24 h at 4°C.

The DNA concentration was estimated at A , assuming that one 

absorbance unit is equivalent to 50 ug/ml DNA.

2.3.3 Large Scale Preparation of Plasmid DNA (Radloff et al_^, 1967; 

Maniatis e a, 1982)

Large scale preparations of plasmid DNA were performed by ethidium 

bromide/ caesium chloride density gradient centrifugation. A starter 

culture was prepared from a single bacterial colony picked into 20 ml 

L-broth/ ampicillin and grown at 37°C overnight.

Two 2 1 flasks, each containing 500 ml L-broth/ ampicillin, were 

inoculated with 5 ml of starter culture and grown at 37°C, with 

aeration, until A  reached 0.85-0.9. Cultures were maintained at 37°C 

for a further 12-14 h in the presence of 200 ug/ml chloramphenicol , to 

allow amplification of the plasmid DNA.

The cultures were centrifuged at 5,000 r.p.m. for 10 min (Son/all 

RC-5B) and the pellets recombined in 20 ml (one volume) of lysis 

solution (50 mM glucose/ 10 mM EDTA/ 25 mM Tris-HCl, pH 8.0) containing 

200 ug/ml lysozyme. After incubation on ice for 30 min, two volumes of 

0.2 M NaOH/ 1% SDS were added, and the sample kept on ice for 5 min. 

This was followed by addition of 1.5 volumes of 3 M NaAc, pH 4.8, and 

left on ice for 30 min. The supernatant was cleared by centrifugation at 

8,000 r.p.m. and 10°C for 20 min (Sorvall RC-5B) and transferred to a 

silanised flask. The DNA was precipitated by adding twice the total 

volume of cold ethanol , and leaving at -20 C for 2 h.

The DNA was recovered by centrifugation in silanised Corex tubes at
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13,000 r.p.m. and 4°C for 10 min (Sorvall RC-5B), dried in vacuo, and 

the pellets recombined in a total volume of 6 ml 50 mM Tris-HCl, 150 mM 

NaCl, 5 mM EDTA, pH 8.0 containing 200 ul 0.5% ethidium bromide. Eight 

grammes of caesium chloride (Sigma, optical grade) were added, and the 

solution allowed to return to room temperature. The density was checked 

by weighing 1 ml, to ensure it lay within 1.61-1.70 g/ml.

The solution was centrifuged at 55,000 r.p.m. and 18°C for 16 h 

(Ti70.i rotor, Beckman L-6 ultracentrifuge) in a sealed polyallomer tube 

overlayered with paraffin, and relaxed to 45,000 r.p.m. for one hour 

prior to stopping without a brake. The DNA band was removed from the 

tube using a syringe. The ethidium bromide was extracted five times by 

mixing with an equal volume of butan-1-ol. The final sample was diluted 

with 3 volumes of de-ionised water, and the ONA precipitated with twice 

the total volume of ethanol at -20°C for four hours. The precipitate was 

recovered by centrifugation at 10,000 r.p.m. and 4°C for 30 min (Son/all 

RC-5B) in silanised Corex tubes and resuspended in 400 Ml 0.3 M NaAc, pH 

6.0. The solution was transferred to a 1.5 ml Eppendorf, ethanol 

precipitated, and the DNA resuspended in 10 mM Tris-HCl/ 1 mM EDTA, pH 

7.4. Concentrated solutions of DNA prepared by this method were held at 

4°C for long term storage.

2.3.4 Small Scale Preparations of Plasmid/ Cosmid DNA (Birnboim and 

Doly, 1979)

Ten ml of overnight culture was started from a single bacterial 

colony. One ml was retained for making Hogness buffer stocks (2.2). The 

remaining culture was centrifuged at 2,000 r.p.m. and 4°C for 30 min 

(MSE-6L) and the pellet resuspended in 200 ul (1 volume) of 50 mM 

glucose/ 10 mM EDTA/ 25 mM Tris-HCl, pH 8.0 before transfer to a 1.5 ml
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Eppendorf. The cells were lysed at room temperature for 10 min. The 

solution was then treated with 2 volumes 0.2 M NaOH/ 1% SDS for 5 min on 

ice, and 1.5 volumes 3 M NaAc, pH 4.8 for 10 min on ice. The supernatant 

was cleared of cellular debris and genomic DNA by two centrifugation 

steps, each of 5 min.. Plasmid/ cosmid DNA was precipitated at -70°C for 

10 min by adding an equivalent volume of isopropanol, and centrifuging. 

The pellet was resuspended in 200 ul 0.3 M NaAc, pH 7.0, and extracted 

once with phenol. DNA was recovered from the aqueous phase by 

precipitation at -70 C for 10 min with an equal volume of isopropanol. 

After centrifugation, the pellet was washed with 70% ethanol (v/v, in 

water), dried in vacuo, and resuspended in 50 ul 10 mM Tris-HCl/ 0.1 M 

EDTA, pH 7.4. RNA was removed by incubation with 1 pi heat inactivated 

RNase (stock solution 1 mg/ml) at 37°C for 30 min prior to storage at 

-20°C.

2.3.5 Preparation of RNA (Chirgwin et aK_, 1979; Maniatis et aTj,., 1982)

All glassware was autoclaved for at least 30 min, or baked at 100°C 

overnight, before use. Samples containing RNA were handled with gloves 

to avoid contamination with RNases from the skin.

Pellets of 2-4x 10 cells from tissue culture (prepared by B. Moffat) 

were washed 2-3 times with 20 ml PBS (phosphate buffered saline, Flow 

Laboratories). The final pellet was resuspended in 3 ml freshly prepared 

4 M guanidinium isothiocyanate/ 14% (v/v) B-mercaptoethanol. At this 

stage the cell suspension could be held at room temperature prior to 

caesium chloride ultracentrifugation. An equal volume of 5.7 M caesium 

chloride/ 25 mM tri-sodium citrate/ 100 mM EDTA was added to the 

suspension and mixed by inversion. A 3 ml cushion was placed in the 

bottom of an ultraclear centrifugation tube. The 6 ml of cell suspension
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was layered on top, and the tube filled with liquid paraffin before heat 

sealing. The sample was centrifuged at 20°C and 35,000 r.p.m. for 16 h 

in a Beckman L8 ultracentrifuge (no brake). The supernatant was removed 

carefully from the RNA pellet. The pellet was washed with 70% ethanol 

(v/v, in water) and dissolved in 400 ul TES (25 mM Tris-HCl/ 1 mM EDTA/ 

0.2% SDS, pH 7.5. To estimate the RNA concentration, 1 ul of solution in 

1 ml of water was monitored at Ap6Q . One absorbance unit was taken to be 

equivalent to 40 ug of RNA. 

The RNA was stored as an ethanol precipitate at -20°C.

2.4 RESTRICTION DIGESTS

Restriction enzyme digests were carried out according to the 

supplier's recommended conditions. All buffers containing ^50 mM 

NaCl also contained 5 mM spermidine. Cosmid or plasmid DNA was digested 

to completion in 1-2 h using a fivefold excess of enzyme. Analytical 

digests were performed using 50 ng- 300 ng of DNA/ 10 ul reaction 

volume. Preparative digests were scaled up to contain 5-10 pg of 

material.

Genomic digests were carried out using 20-30 units of enzyme/ 5 ug of 

DNA for a minimum of 5 h.

2.5 FRACTIONATION OF NUCLEIC ACIDS AND RECOVERY OF DNA FOLLOWING GEL 

ELECTROPHORESIS

2.5.1 Separation of DNA by Agarose Gel Electrophoresis (Southern, 1975)

Restriction enzyme digested genomic DNA samples were fractionated on 

submerged horizontal slab gels 24 cm x 20 cm x 0.6 cm prepared using 300
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ml 0.7% agarose (Seakem, HGT) (w/v, in Ix TBE running buffer). Samples 

were loaded in Ix glycerol dyes and electrophoresed at 45 mA for 14 h in 

Ix TBE. For visualisation of DNA, gels were stained in 0.001% ethidium 

bromide for 1 h and destained for 30 min in water.

Digests of plasmid/ cosmid DNA were fractionated on 0.8% agarose/ 

0.01% ethidium bromide w/v, in Ix TBE horizontal slab gels. For 

reaction volumes ^50 Ml, the conditions were as above. For samples of 10 

Ml or less, minigels (11 cm x 10 cm x 0.4 cm ) were prepared and run at 

50 mA for 2-3 h.

Ethidium bromide stained gels were visualised at 300 nm on a Fotodyne 

transilluminator. Photographs were taken using a Polaroid MP4 camera 

fitted with a red filter and Polaroid 667 film.

2.5.2 Separation of DNA by Polyacrylamide Gel Electrophoresis

For analytical and preparative purposes end-filled radiolabelled DNA 

was fractionated on 4% polyacrylamide gels. Gels were prepared between 

glass plates, one of which was treated with 2 % dichlorodimethyl silane 

(v/v, in 1,1,1-trichloroethane) for easy removal. Gels were run at 25 mA 

for 2-3 h in Ix TBE running buffer. After electrophoresis the gels were 

wrapped in cling film and the DNA bands observed by autoradiography at 

room temperature (2.7.6).

2.5.3 Fractionation of RNA (Lehrach et al_, 1977; Fourney et a/L_, 1988)

Fifteen Mg of RNA was recovered from ethanol by centrifugation and 

resuspended to a total volume of 5 M! in 25 mM Tris-HCl/ 10 mM EDTA, pH 

7.4. The sample was denatured by heating to 65°C for 15 min in 25 M! 

electrophoresis buffer (1 mM EDTA/ 0.4% bromophenol blue/ 0.4% xylene
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cyanol/ 50% glycerol w/v, in water). Ethidium bromide was added to a 

final concentration of 0.03% (w/v). The denaturing gel was prepared by 

cooling 300 ml 1% agarose (Seakem, HGT) (w/v, in 1 x MOPS running 

buffer) to 50°C then adding deionised formaldehyde to a final 

concentration of 1.9% (v/v). The gel was set in a 24 cm x 20 cm tray for 

1 h before use. Samples were run at 40 mA for approximately 18 h in Ix 

MOPS running buffer.

Following electrophoresis, RNA was visualised on a transilluminator, 

as described above (2.5.1).

2.5.4 Recovery of DNA from Acrylamide Gel Slices.

The acrylamide slice was removed to a silanised Eppendorf tube and the 

DNA eluted in 400 ul 0.2 M ammonium acetate solution at 37°C for 14 h. 

The tube was centrifuged and the aqueous solution transferred to a fresh 

Eppendorf. The gel slice was washed in a further 200 pi 0.2 M ammonium 

acetate solution, spun, and the washings combined with the original 

eluate. DNA was precipitated with 1.5 volumes of ethanol at -70°C for 30 

min. After centrifugation, the pellet was resuspended in 300 ul 0.3 M 

NaAc, pH 7.0, and reprecipitated in the presence of 2.5 volumes of 

ethanol. The DNA was again recovered by centrifugation, resuspended in 

200 ul 0.3 M NaAc. pH 7.0, and reprecipitated. The final pellet was 

washed with 200 ul 70% ethanol, dried in vacuo, and resuspended in 10 mM 

Tris-HCl/ 0.1 mM EDTA, pH 7.4.

2.5.6 Recovery of DNA from Low Melting Temperature Agarose

Preparative digests for making probes ^0.5 kb were fractionated on 1% 

LGT agarose (Seaplaque) (w/v, in Ix TBE running buffer) horizontal slab
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gels (11 cm x 10 cm x 0.4 cm). Samples were loaded in 2x glycerol 

loading dyes and run at 5 mA and room temperature for 14 h, or, 30 mA 

and 4 C for 3-4 h. Agarose slices were removed, weighed, and heated to 

70 C in 3x v/w of deionised water. The gel mixture was vortexed, left to 

cool to room temperature, and extracted as described in 2.3.1 (a). The 

final aqueous solution was precipitated with ethanol, recovered by 

centrifugation, washed and dried in vacuo before resuspending in 10 mM 

Tris-HCl/ 0.1 mM EDTA, pH 7.4.

2.6 TRANSFER OF NUCLEIC ACIDS: BLOTTING PROTOCOLS

2.6.1 Transfer of DNA from Agarose Gels (Southern, 1975)

Standard agarose gels were treated as follows:

(a) twice for 15 min at room temperature in 0.25 M HC1 

to depurinate the DNA,

(b) once for 30 min at room temperature in 0.5 M NaOH/ 

1 M NaCl,

(c) once for 30 min at room temperature in 0.5 M Tris-HCl/ 

3 M NaCl.

DNA was transferred onto nitrocellulose membranes (Hybond-C), or nylon 

backed nitrocellulose (Hybond-Extra), by capillary action, using sponges 

to enhance the process. The membranes were pre-wetted in 2x SSC before 

use. Gels were blotted in 20x SSC for 24 h (genomic digests) or 30 min 

to overnight (cloned DNA digests).

Minigels could be similarly used for Southern blot analysis, but were 

treated for a maximum of 15 min at each of steps (a), (b), and (c).

DNA was fixed to the nitrocellulose filter by baking at 80°C for 

2-2.5 h.
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2.6.2 Transfer of RNA from Agarose Gels (Fourney et_ aK_, 1988; Thomas, 

1980)

RNA gels were treated for 20 min in Ix SSC/ 0.05 M NaOH followed by 

two 20 min washes in lOx SSC, to increase the transfer efficiency of 

large RNA species. The RNA was blotted onto nitrocellulose pre-wetted in 

lOx SSC using lOx SSC transfer buffer and standard capillary blotting 

procedures.

Ethidium bromide stained RNA could be visualised on the membrane, 

after transfer, by using a transilluminator. Blots were baked at 80 C 

for 2-2.5 h to fix the RNA to the filter.

2.7 HYBRIDISATION TECHNIQUES

2.7.1 Preparation and Radiolabelling of Double-Stranded DNA Probes

Probes larger than 0.5 kb were prepared from the appropriate 

restriction enzyme digest of cosmid or subclone DNA by recovery from LGT 

agarose (2.5.6). Probes smaller than 0.5 kb were prepared by recovery of 

the correct fragment from 4% acrylamide gels (2.5.4). Concentrations of 

the samples were estimated from the intensities of the bands observed on 

ethidium bromide stained agarose gels.

8 9 All walking probes were labelled to specific activity > 10 -10

c.p.m./ ug by the random hexanucleotide priming method of Feinberg and 

Vogelstein (1984). Approximately 20-50 ng was radiolabelled using 20 uCi
oo

[a- P]-dCTP for 3-5 h at room temperature with the Amersham "Multi- 

priming Kit". 

Total genomic DNA was labelled to a specific activity of about 2x 10
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c.p.m./ ug with 10 nCi r a _32 p]_CTP and 10 uCi [a-32P]-dATP using the 

nick translation method of Rigby et al. (1977).

All probes were prepared free from unincorporated nucleotides by 

elution from a 2 ml Sephadex G-100 column with 200 mM NaCl/ 10 mM 

Tris-HCl/ 1 mM EDTA,. pH 7.4.

2.7.2 Preparation and Radiolabelling 01igonucleotides

Oligonucleotides were synthesised on an Applied Biosystems 381A DNA 

synthesiser by Dr. T. Day.

Crude ammonia solutions of Oligonucleotides were purified by ethanol 

precipitation at -70°C for 10 min. Following centrifugation the pellet 

was washed in 80% ethanol (v/v, in water), dried in vacuo, and 

resuspended in 10 mM Tris-HCl/ 1 mM EDTA, pH 7.4. The sample was mixed 

with an equal volume of formamide loading buffer (10 mM EDTA/ 0.1% 

xylene cyanol/ 0.1% bromophenol blue w/v,in formamide), boiled for two 

minutes and loaded onto a 20% acrylamide/ 4.2 M urea/ Ix TBE denaturing 

gel prepared between silinated glass plates. The gel was run for 7 h at 

500 V in Ix TBE buffer, then removed from the plate and placed between 

two layers of Saranwrap. The major oligonucleotide band was cut from the 

gel after visualisation at 254 nm against a TLC plate. The DNA was 

eluted in 10 ml 0.5 M ammonium acetate/ 10 mM magnesium acetate/ 1 mM 

EDTA at 37°C for 12 h. The oligonucleotide was recovered from a G, g 

Sep-Pack cartridge (Waters Associates) primed by pre-wetting with 10 ml 

HPLC grade methanol followed by 10 ml sterile water. The solution 

containing the oligonucleotide was passed through the column twice, and 

the eluate retained. The cartridge was washed with 10 ml sterile water, 

then the oligonucleotide was eluted into a 1.5 ml Eppendorf using 1.5 ml 

60% HPLC grade methanol (v/v, in sterile water). The oligonucleotide was
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recovered by drying under vacuum, and the DNA resuspended in 10 mM 

Tris-HCl/ 0.1 mM EDTA, pH 8.0.

To estimate the concentration, 5 ul DNA solution was diluted in 1 ml 

water and monitored at A 0 . One absorbance unit was assumed to be
£0(J

equivalent to 37 ug of single stranded DNA.

Twenty-five ng of oligonucleotide was radiolabelled to a specific 

activity > 10 c.p.m./ug. The sample was incubated at 37°C for 30 min in 

the presence of 50 uCi r a- 32P]-dATP and 5 units of T4-DNA kinase.

The probes were separated from free radioactivity by elution from a 

Sephadex GS-50 superfine column using 200 mM NaCl/ 10 mM Tris-HCl/ 1 mM 

EDTA, pH 7.4

2.7.3 Removal of Repetitive Sequences from Genomic Probes (Sealey et 

al., 1985)

Genomic probes containing repetitive sequences (as identified from 

genomic Southern blots: such probes gave a background smear owing to 

hybridisation to repetitive elements, but also hybridised to specific 

fragments of the correct size which could be identified from the 

molecular map) were boiled for 10 min in 5x SSC with sufficient human 

genomic DNA to give a final concentration of 3-10 ug/ml of hybridisation 

fluid. Reassociation of the repeat elements was allowed to occur by 

cooling to 65°C, and holding at this temperature for 15 min before 

adding to the hybridisation buffer.

2.7.4 Hybridisation Conditions (Jeffreys and Flavell, 1978; Bernards and 

Flavell, 1980)

All filters were washed in 0.1 M NaCl/ 1 mM EDTA/ 50 mM Tris-HCl/ 0.1%
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SDS, pH 8.0 at 42°C for one hour prior to pre-hybridisation. For 

hybridisation with walking probes, filters were pre-hybridised in 50% 

formamide/ 5x Denhardts/ 1 M NaCl/ 10% dextran sulphate/ 50 mM Tris-HCl, 

pH 7.4/ SDS containing 200 ug/ml salmon sperm ONA and 20 ug/ml sonicated 

E.coli/ pATX DNA for a minimum of four hours at 42°C.

For hybridisation, probes were boiled for 10 min and snap-cooled on 

ice before adding to the buffer. Hybridisation was continued for 16-36 h 

at 42°C.

Filters were washed in 2x SSC at room temperature for 30 min to 1 h, 

followed by two high stringency washes at 65°C, each for 30 min using 

0.1-0.2x SSC/ SDS and a brief wash in 0.1-0.2x SSC.

For nitrocellulose membranes (Hybond-C and Hybond-Extra) 0.1% SDS was 

used throughout. For pulsed-field blots which had been taken onto nylon 

(GenescreenPlus, New England Nuclear) all steps included SDS to a final 

concentration of 1%.

For hybridisation to oligonucleotide probes, filters were pre-hybrid­ 

ised and hybridised in 0.9 M NaCl/ 90 mM Tris-HCl, pH 7.4/ 6mM EDTA/ 10 

% dextran sulphate/ 5x Denhardts/ 0.1% SDS. Blots were washed in 6x SSC/ 

0.1% SDS for 1 h. All steps, including washing, were carried out at the 

appropriate temperature, as calculated from the base composition of the 

probe.

2.7.5 Removal of Probe From Membranes

Blots which were used for successive rounds of screening with 

different probes were stripped between hybridisations by washing in 2 mM 

Tris-HCl, pH 7.4/ 1 mM EDTA/ 0.1% SDS at 80°C for upto 2 h. The 

efficiency of the removal of bound radioactivity was checked by auto- 

radiography overnight.
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2.7.6 Autoradiography

Unless otherwise stated, autoradiography was carried out at -70 C 

(Laskey and Mills, 1977) between two tungstate intensifying screens 

(Cronex ultra-lightning plus, Dupont) for 5 h to 14 days. Filters were 

autoradiographed using X-OMAT "S" X-ray film (Kodak), which was 

sensitised by pre-flashing before use. Films were developed in a Kodak 

MEI X-Omat automatic processor.

2.8 SUBCLONING

Many walking probes were subcloned by religation of restriction enzyme 

digested cosmid DNA to form "minicosmids". Other genomic fragments were 

ligated into Bam HI cut and phosphatased pATX or Mine II cut and 

phosphatased pUC18. All DNA subclones were transfected into MC 1061 

competent cells, and retained as Hogness stocks at -70°C.

2.8.1 Preparation of Plasmid Vector DNA

Ten ug of plasmid DNA was cut to completion using 30 units of enzyme 

at 37°C for 2 h. The DNA was then treated with 5 units of calf 

intestinal phosphatase at 37°C for 30 min, and the reaction stopped by 

heating to 70°C for 10 min. The vector was tested for;

(a) background levels of uncut plasmid,

(b) religation to itself following dephosphorylation,

(c) ability to accept insert sequences.

Genomic fragments prepared by digestion with Bam HI and/ or Bgl II 

were ligated into Bam HI cut pATX. All other restriction digests were
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blunt-ended with dNTPs and DNA polymerase Klenow fragment (2.8.2) and 

ligated into Hinc II cut pUC18.

2.8.2 End Filling (Wu and Taylor, 1971)

Following digestion, restriction fragments were made blunt-ended by 3 1 

end repair using 250 pM dNTPs and 2 U of E.coli DNA polymerase Klenow 

fragment. Reactions were incubated at room temperature for 30 min, and 

stopped by heating to 70°C for 10 min.

If digests were to be separated on 4% native gels, 10% of the DNA was 

end-labelled using 5 uCi r a- 32 P]-dATP or r a-32P]-dCTP in the incubation 

mixture.

2.8.3 Ligations

All ligations were performed using 10 ng vector and 5-10 ng insert DNA 

in 50 mM Tris-HCl/ 10 mM DTT/ 10 mM MgCl 2 / 1 mM ATP with BSA to 100 

ng/ul.

Incubations were carried out at room temperature for 4-5 h using 1 U 

T4-DNA ligase in a reaction volume of 10 ul.

2.8.4 Preparation of Competent Cells and Transformation Procedure

A starter culture was prepared by picking a single colony of MC 1061 

into 10 ml L-broth and growing at 37°C overnight. Two hundred ml L-broth 

was inoculated with 2 ml starter culture and grown until A  reached 

0.2. The cells were chilled on ice for 10 min, transferred to 

pre-chilled 50 ml Falcon tubes and harvested by centrifugation at 2,600 

r.p.m. and 4°C for 10 min (MSE-6L). The pellets were resuspended in 100 

ml 50 mM CaClp/ 15% glycerol/ 10 mM Pipes, pH 6.6, and left on ice for
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20 min. The cells were centrifuged as before, resuspended in 16 ml 

calcium chloride buffer, and aliquoted into pre-chilled Eppendorf tubes. 

After 40 min on ice, the cells were snap-frozen on dry ice/ IMS, then 

stored at -70°C.

Competent cells were thawed on ice, then 100 pi added to each of the 

ligation tubes. The mixture was incubated on ice for 10 min. Samples 

were heat shocked at 37°C for 5 min, diluted fourfold with L-broth, and 

maintained at 37°C for 30-60 min. Aliquots of 200 Ml were plated onto 

L-agar plates containing ampicillin to 100 ug/ml, and incubated at 37 C 

overnight.

Efficient transformation figures were in the region of 10 colonies 

per ug uncut plasmid DNA.

2.9 DNA SEQUENCING

2.9.1 Subcloning

Double-stranded DNA fragments were prepared by restriction digestion 

of cDNA or genomic clones, blunt-ended (2.8.2) and recovered from 4% 

native acrylamide gels (2.5.2/2.5.4). The fragments were then ligated 

into 20 ng Sma I cut and phosphatased M13mp8 (Amersham International) 

using the standard protocol (2.8.3).

2.9.2 Preparation of competent cells

Competent cells were prepared by inoculating 300 ul of an overnight 

culture of JM 103 into 30 ml sterile 2x TY broth and growing at 37°C 

until A60Q reached 0.4-0.6 (2-3 h). All subsequent steps were carried 

out at 4°C.
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The culture was centrifuged at 1,600 r.p.m. for 5 min (MSE-6L) and the 

pellet resuspended in 10 ml 50 mM CaCl 2/ 10 mM Tris-HCl, pH 7.5. The 

cells were held on ice for 30 min, centrifuged as before, and 

resuspended in 2-5 ml of CaCU solution.

The competent cells were stored at 4°C, and used within 24 h.

2.9.3 Transfection Procedure

Two hundred ul of competent cells was added to the 10 ul ligation 

mixture, and incubated on ice for 45 min. The cells were heat-shocked at 

45 C for 5 min, then rapidly transferred to sterile tubes containing 3 

ml top agar, 25 pi BCIG (25 mg/ml in dimethylformamide) 25 pi of IPTG 

(25 mg/ml in water) and 500 pi of overnight JM 103. The mixture was 

poured onto a 2x TY agar plate and incubated at 37°C overnight. Vector 

containing insert formed white plaques in the presence of the 

chromogenic substrate (BCIG).

2.9.4 Phage Growth and DNA Purification

Each positive plaque was grown with vigorous shaking at 37 C for 5 h 

in 1.5 ml of a one hundredth dilution of overnight JM 103. The culture 

was centrifuged twice and the supernatant transferred to a fresh 

Eppendorf at each step. Approximately 200 ul was retained as a stock 

after the second spin. The remaining supernatant was treated with 200 ul 

of PEG (20% polyethylene glycol in 2.5 M NaCl) and left on ice for 20 

min. After centrifugation, the phage pellet was resuspended in 100 pi 10 

mM Tris-HCl/ 0.1 mM EDTA, pH 8.0. The aqueous solution was extracted 

with an equal volume of phenol/ chloroform/ isopropanol (25:24:1, v/v), 

and precipitated with 0.1 volume 3 M NaA.c and 1 volume of isopropanol at
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-70 C for 30 min. The DNA was washed with 70% ethanol (v/v in water), 

dried jn vacuo and resuspended in 50 pi 10 mM Tris-HCl/ 0.1 mM EDTA, pH 

8.0.

2.9.5 Characterisation of M13mp8 Clones

DNA samples from clones containing the same restriction fragment 

insert were incubated together under annealing conditions to determine 

their relative orientations. Hybridisations were carried out using 2 M! 

tester DNA, 2 Ml sample DNA, 4 M! buffer (600 mM NaCl/ 70 mM MgCl 2/ 60 

mM Tris-HCl, pH 7.4.) and 1 M! of glycerol dye (50% glycerol/ 1% SDS/ 

bromophenol blue) at 65°C for 1 h. After chilling on ice, samples were 

characterised on an agarose minigel. If the tester and sample DNA 

molecules contained inserts of the opposite orientation two prominent 

bands were observed; if they were in the same orientation, only one band 

was seen.

2.9.6 DNA Sequencing (Sanger et_ jil_._, 1977, 1980; Biggin £t aj_._, 1980)

DNA samples were sequenced by extension from the M13 universal primer 

(5'-GTAAAACGACGGCCAGT-3', Amersham International) (Duckworth et al., 

1981) in the presence of dideoxynucleoside triphosphate chain- 

terminating inhibitors, as described by Sanger et al. (1977).

For each set of sequencing reactions, 8 Ml of sample DNA was annealed 

to 1.5 M! M13 primer (2.5 ng/Ml) in the presence of 1.5 M! 100 mM 

Tris-HCl/ 50 mM MgCl 2 , pH 8.4 at 65°C for 1 h. Two M! of template DNA 

was used per reaction (T,C,G,or,A) with 2 M! of the appropriate ddNTP 

mix and 2 M! of Klenow mix (2.5 MCi r a-32 P]-dATP/ IM! 0.1 M DTT/ O 

2.5 mM dATP/ 4 U Klenow/ 6Ml 10 mM Tris-HCl, pH 8.0, per clone). The
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reaction was incubated at room temperature for 15 min, then 2 ul of 0.5 

mM dNTP was added for the chase reaction of 15 min at room temperature. 

Finally, the DNA duplexes were denatured in the presence of 4 ul 

formamide loading dye (10 mM EDTA/ 0.1% xylene cyanol/ 0.1% bromophenol 

blue w/v, in formamide) by boiling for 5 min.

Samples were run on 6% acrylamide/ 8 M urea gels. Short runs (30 mA, 1 

h 35 min) were performed on gradient buffer gels prepared essentially as 

described by Biggin et al. (1980) using 2.5x and 0.5x TBE gel mixes. 

0.5x TBE running buffer was used in the cathodal reservoir, and l.Ox TBE 

in the anodal reservoir. Long gel runs (30 mA, 4-5 h) were carried out 

using l.Ox TBE gel mixes and running buffers.

Pretreatment of back plates with 2.5 ml ethanol/ 70ul 10% acetic acid 

(v/v, in water)/ 7 ul Bind Silane (LKB) allowed gels to be fixed in 10% 

acetic acid/ 10% methanol (v/v, in water) for 15 min at room 

temperature, washed (15 min, in water), and dried directly onto the 

glass at 110°C. Autoradiography was carried out at room temperature in 

the absence of an intensifying screen for 12 h to 3 days.

ddNTP mixes were prepared from stock solutions of 0.5 mM dNTPs and 10 

mM ddNTPs as follows:

A mix: 500ul each of dTTP, dCTP, dGTP, and 10 mM Tris/ 0.1 mM EDTA, pH

8.0, with 3ul ddATP. 

C mix: 500ul each of dTTP, dGTP, 25ul dCTP, 8ul ddCTP, and 1ml 10 mM

Tris/ 0.1 mM EDTA, pH 8.0. 

G mix: 500ul each of dTTP, dCTP, 25ul dGTP, 16ul ddGTP, and 1ml 10 mM

Tris/ 0.1 mM EDTA, pH 8.0. 

T mix: 500ul each of dCTP, dGTP, 25ul dTTP, 50ul ddTTP, and 1ml 10 mM

Tris/ 0.1 mM EDTA, pH 8.0.
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2.9.7 Analysis of Sequence Data (Staden, 1982a, 1982b, 1984)

Sequence data were analysed using a VAX 11/780 computer. ONA 

nucleotide sequences were read from gels and entered by hand. The data 

were analysed using DBSEARCH and ANALYSEQ programs.

2.10 PULSED FIELD GEL ELECTROPHORESIS

2.10.1 Preparation of Chromosomal DNA in Agarose Blocks (van Ommen and 

Verkerk, 1986; Dunham et. a]_._, 1987)

(a) purification of agarose with DEAE-cellulose: (Jackson and Cook, 

1985) DE-52 was pre-swollen in sterile water, then equilibrated 

with 5x PBS by washing four times and finally mixing in an equal 

volume of 5x PBS containing 0.1 mM EDTA.

To purify, 2% agarose (w/v, Sigma type VII in sterile water) was 

melted by boiling and held at 50°C. Ten ml of DE-52 suspension was 

spun down to give 5 ml packed DE-52 in a 50 ml Falcon tube. To 

this was added 45 ml agarose. After mixing,the agarose was held at 

for 30 min, spun down, and removed to a fresh tube containing 5 ml 

packed DE-52. This process was repeated a further three times. The 

agarose was stored at 4 C.

(b) Tissue culture cells were harvested and washed twice with 20 ml 

PBS. The cells were resuspended to a final concentration of 2x 10 

cells/ ml using a 1:1 mixture of Ix PBS and 2% DE-52 purified 

agarose. Blocks were made by setting the agarose on ice in a 

perspex former with cell dimensions of 9 mm x 7 mm x 2 mm. 

The blocks were digested in 10 ml 10 mM Tris-HCl/ 0.5 M EDTA/ 1% 

sarkosyl, pH 9.5 (NDS solution) containing 1 mg/ml proteinase K
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(Boehringer) at 50°C overnight. They were further incubated in 

fresh NDS/ proteinase K for 24-48 h. After digestion, the blocks 

were washed twice, for 30 min each time, at 50°C in NDS buffer, 

and stored in NDS at 4°C.

2.10.2 Restriction Enzyme Digests

All restriction enzyme digests were carried out according to the 

supplier's recommendations. Agarose blocks containing approximately 5 Mg 

DNA were washed three times in 10 ml 10 mM Tris-HCl/ 0.1 mM EDTA/ 0.1 mM 

phenylmethylsulphony! fluoride, pH 8.0 at 4°C for 30 min, and once in 

restriction enzyme buffer without DTT. Each block was transferred to an 

Eppendorf containing 100 M! of Ix restriction buffer with 5 mM DTT and 

bsa to 10 ug/ml (for buffers with "> 50 mM NaCl, digests also included 5 

mM spermidine) and incubated with 20 U enzyme at 37°C for 2 h. For 

double digests, the blocks were rewashed with Tris/ EDTA solution and 

restriction enzyme buffer prior to the addition of the second enzyme.

2.10.3 Fractionation of DNA on Agarose Gels (Carle and Olson, 1984; 

Southern et a]^, 1987)

Agarose blocks were cut in half after digestion with restriction 

enzymes and loaded directly into the sample wells. Molecular weight 

markers (gift from I. Dunham) consisted of intact yeast chromosomes ( 

Saccharomyces cerevisiae, strain X2-180-1B) and concatamers of 

bacteriophage x c!857 S7.

Both orthogonal field alternation gel electrophoresis (OFAGE) (Carle 

and Olson, 1984) and "Waltzer" (Southern et al_._, 1987) were used. For 

OFAGE the samples were loaded in 0.5x TAE (20 mM Tris acetate/ 1 mM
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EDTA, pH 8.5) / Ix glycerol dyes into 14 mm x 4 mm x 1.5 mm wells on a 

20 cm x 20 cm x 0.5 cm 1.5% agarose (Sigma type I) gel and 

electrophoresed in 0.5x TAE running buffer at 12°C and 330V for 22 h.

For the "Waltzer" system, the blocks were loaded in 0.5x TAE/ Ix 

glycerol dyes into 7 mm x 4 mm x 2 mm wells on a 22 cm diameter x 0.5 cm 

1.5% agarose (Sigma, type I) gel. The DNA was electrophoresed in 0.5x 

TAE running buffer at 18°C and 150 V for 30-36 h.

Gels were stained in 0.5x TAE containing 0.01% ethidium bromide for 30 

min, and destained for up to 1 h, prior to visualisation on a 

transilluminator, and photography, as previously described (2.5.1).

2.10.4 Transfer of DNA by Southern Blotting

DNA was transferred as described in section 2.6.1 onto nylon membranes 

(GenescreenPlus, New England Nuclear). The membranes were dampened on 

water and then soaked in lOx SSC for 30 min before use. The filter was 

placed with side "B" in contact with the gel surface, as recommended by 

the manufacturer. After blotting, DNA was fixed to the nylon as follows:

(a) the DNA was denatured in 0.4 M NaOH for 30 s,

(b) the membrane was neutralised in 0.2 M Tris, pH 7.4/ 2x SSC for 

60 s,

(c) the DNA was crosslinked to the nylon by ultra violet irradiation 

at 254 nm for 4 min ( CAMAG Universal lamp, fixed at.15 cm from 

the membrane surface).
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2.11 PREPARATION OF COSMID LIBRARIES (Grosveld et a/L_, 1981; Steinmetz 

et aK_, 1986)

2.11.1 Preparation of Vector Arms

Approximately 100 ug of cosmid pDVcos DNA was digested to completion 

with 150 U Pvu II at 37°C for 2 h. The DNA was then phenol extracted and 

ethanol precipitated according to standard procedures.

The DNA was resuspended in 100 ul of phosphatase buffer (50 mM 

Tris-HCl, pH 9.0/ 1 mM MgCl 2 / 0.1 mM ZnCl 2 / 1 mM spermidine) and treated 

twice with 2 U calf intestinal phosphatase at 37°C for 30 min. The 

reaction was stopped by adding EDTA to a final concentration of 15 mM 

and incubating at 70°C for 10 min.

Protein was removed from the aqueous phase by organic extraction , and 

pDVcos recovered by ethanol precipitation. The DNA was resuspended in Ix 

Bam HI buffer. Arms were prepared by digestion with 100 U Bam HI at 37°C 

for 2 h. The DNA was extracted and precipitated as before. It was 

resuspended in 10 mM Tris-HCl/ 0.1 mM EDTA, pH 8.0, to a final 

concentration of 0.5 ug/Ml prior to long term storage at -20 C.

2.11.2 Preparation of Insert DNA

High molecular weight genomic DNA was prepared as described in 2.3.1. 

Digests, followed by phosphatase treatment, were performed in a low salt 

Mbo I buffer (Ish-Horowitz and Burke, 1981) using 60 ug DNA in a 

reaction volume of 300 pi. Five digests, with a concentration range of 

40, 20, 10, 5, and 2.75 U Mbo I, were incubated at 37°C for 1 h, then 

stopped by heating to 70°C for 15 min. One and a half units of calf 

intestinal phosphatase were added to each tube, and dephosphorylation
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carried out for 15 min at 37°C. The reaction was stopped by addition of 

EDTA to a final concentration of 15 mM, and heating to 70°C for 15 min. 

Digests were checked by running samples of 30 M! on a 0.4% agarose gel 

(w/v, in Ix TBE) against a A Xho I (14 and 35 kb) standard. 

The digested and phosphatased DNA was recovered by phenol extraction 

and ethanol precipitation. The precipitate was recombined in a total 

volume of 300 Ml prior to sucrose density gradient centrifugation.

2.11.3 Size Fractionation of Insert DNA

The digested and phosphatased DNA was size-fractionated on a stepped 

sucrose density gradient. Each step consisted of 6 ml solution, with a 

range of 45-20% sucrose (w/v, in 1 M NaCl/ 20 mM Tris-HCl/ 10 mM EDTA, 

pH 7.5), in 5% increments. The DNA was layered onto the surface of the 

gradient and covered with a film of paraffin. Centrifugation was 

performed at 26,000 r.p.m. and 20°C for 20 h using an SW 27 rotor in a 

Beckman L5-65 ultracentrifuge (no brake).

Samples of 0.7 ml were collected from the bottom of the gradient at a 

flow rate of 36 ml/ h. From each fraction, 15 pi were run on a 0.4% 

agarose gel (w/v, in Ix TBE) at 75 mA for 12 h against bacteriophage A 

(49 kb) and A Xho I (35 and 14 kb) markers prepared in 30% sucrose. 

Samples containing DNA in the size range 35-50 kb were precipitated in 

ethanol at -20°C for 4 h to overnight. The DNA was recovered by 

centrifugation and resuspended in 100 ul 10 mM Tris-HCl/ 0.1 mM EDTA, pH 

8.0.

The concentrations of the DNA samples were estimated by spotting 1:1 

serial dilutions (in water) onto ethidium bromide/ agarose plates ( 1 pg 

ethidium bromide/ ml 0.8% agarose), and comparing with bacteriophage A 

standards.
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2.11.3 Preparation of Packaging Extracts (Grosveld et jfL, 1981)

Two complementary, temperature sensitive mutants were used in the 

preparation of packaging extracts. The infected E.coli strains BHB 2688 

and BHB 2690 were streaked out onto 2x TY plates and tested at 

permissible (32°C) and non-permissible (42°C) temperatures, prior to 

use.

(a) freeze-thaw lysate: a starter culture of 3 ml was set up from a 

single colony of BHB 2688 in L-broth, and grown at 32°C overnight. Two 

flasks with 500 ml L-broth were each inoculated with 1 ml starter 

culture and grown at 32°C with aeration until A60Q reached 0.35. The 

cultures were transferred to 45°C for 5 min to induce the A phage, then 

returned to 37°C and grown with vigorous agitation (200 r.p.m.) for 

about 1 h. A small sample was removed and tested for lysis using a few 

drops of chloroform.

The culture was cooled in iced water, then transferred to centrifuge 

bottles and the cells harvested at 9,000 r.p.m. and 4°C for 10 min 

(Sorvall RC-5B). The supernatant was removed and the pellets drained (on 

ice). The cells were resuspended in a total volume of 2.2 ml 10% 

sucrose (w/v, in 50 mM Tris-HCl, pH 7.4). Two hundred ul of freshly 

prepared lysozyme (2 mg/ml in 250 mM Tris, pH 7.5) was added, and mixed 

by gentle inversion. The sample was snap-frozen in liquid nitrogen, then 

thawed at room temperature for 20 min, followed by 40 min on ice. One 

hundred ul of buffer Ql was added, and the solutions mixed as before. 

The phage components were recovered by centrifugation at 35,000 r.p.m. 

and 2°C for 45 min (Beckman L5-65 ul tracentrifuge, type 65 rotor). The 

supernatant was aliquoted into precooled Eppendorf tubes and snap-frozen 

in liquid nitrogen before long term storage at -70 C.
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(b) sonicated extract: a single 500 ml culture was prepared as for the 

freeze-thaw lysate, using E.coli BHB 2690. The phage were induced, and 

the bacteria returned to 37°C. The culture was cooled, and centrifuged 

as above, but the pellet was resuspended in 3.6 ml of buffer A. The 

solution was sonicated until it was no longer viscous (6x 5 s bursts), 

keeping the sample below 6 C.

The extract was centrifuged at 6,000 r.p.m. and 4°C for 20 min 

(Son/all RC-5B), and the supernatant aliquoted into precooled Eppendorf 

tubes. The samples were snap-frozen in liquid nitrogen and stored at 

-70°C.

2.11.4 Ligations and Packaging (Scalenghe et aK.» 1981; Grosveld et al., 

1982)

Ligations were carried out using the standard protocol (2.8.3) with 

0.5 ug of vector and 0.5 ug of insert ONA per 10 ul reaction. The 

ligation mixtures were incubated at 16°C overnight in preference to 4 h 

at room temperature.

Packaging reactions were set up as follows:

Ligation mixture 10.0 

Buffer Ql 7.5 

Buffer A 25.0 

Sonicated extract 17.5 

Freeze-thaw lysate 67.5 

Total 127.5 ul

The packaging mixture was incubated at 25°C for 3 h. At the end of the 

incubation period, SM phage buffer (0.1% gelatin w/v, in 50 mM Tris-HCl,
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pH 7.5/ 10 mM NaCl/ 1 mM MgS04 ) was added to give a total volume of 1.25 

ml. The packaged DNA was stored at 4°C before transduction into E.coli 

NM 554.

2.11.5 Testing RecA" Phenotype

The host cell line NM 554 was tested for reversion to a recombination 

positive phenotype by exposure to ultra violet irradiation. Two 

identical aliquots of 200ul were spread onto 2x TY agar plates. One was 

allowed to grow at 37°C, and the other was irradiated at 254 nm (CAMAG 

Universal u.v. lamp, fixed at 15 cm above the plate). Zones of 0, 5, 10, 

15 and 20 s exposure to u.v. were produced by protecting the agar 

culture plate with a sheet of glass, which was moved every 5 s. E.coli Q 

358 was taken as a RecA" control.

No colonies were found in the regions which were exposed to the u.v. 

light, confirming the RecA" nature of NM 554.

2.11.6 Transduction (Grosveld et_ aK_, 1981)

Single colonies of NM 554 were picked into L-broth supplemented with 

0.4% maltose and grown at 37°C overnight. One ml of culture was spun 

down and the cells resuspended in 10 mM MgCl 2/ 10 mM Tris-HCl, pH 8.0/ 

0.4% maltose. To one volume of packaged DNA an equal volume of cells was 

added, and the mixture was held at room temperature for 20 min, to allow 

adsorption of the phage particles. The samples were diluted with four 

times the total volume of L-broth, and were incubated at 37°C for 1 h 

and 30 min to allow expression of the ampicillin resistance gene.

An aliquot of 2 ul was retained to estimate the number of recombinants 

by plating onto L-agar containing 50 ug/ ml ampicillin. The remaining
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cells were brought to a total volume of 16 ml, by harvesting and 

resuspending in fresh L-broth if necessary, and spread equally over 22 

cm x 22 cm nitrocellulose filters on L-agar/ ampicillin to a density of 

1.25x 105 per filter.

2.11.7 Plating the Cosmid Library (Hanahan and Meselson, 1983; Grosveld 

a, 1981)

The recombinants were plated over 22 cm x 22 cm nitrocellulose filters 

(Schleicher and Schuell) on L-agar containing 50 ug/ ml ampicillin in 23 

cm x 23 cm square culture plates (Nunc). The approximate density was 

estimated at 125,000 colonies per filter. The plates were incubated at 

37 C for 12-14 h, so that the colonies were visible, but no larger than 

0.5 mm in diameter.

Impressions were taken onto fresh nitrocellulose pre-wetted on 

L-broth/ ampicillin plates. The copy was placed on top of the master and 

covered with a layer of 3MM Whatman paper, then a replica of the 

colonies was made by pressing the sandwich between two glass plates. The 

top plate was removed, and the filters keyed with indelible ink, before 

they were peeled apart and placed onto fresh plates. The master was 

returned to L-broth/ ampicillin and the copy to HMF I/ ampicillin. Three 

further copies of each master were taken in the same way, but these were 

recovered on L-broth/ ampicillin. The copies were incubated at 37°C 

until the colonies were 0.5 mm in size. The first replica was 

transferred onto HMF 2/ ampicillin, recovered at room temperature for 2 

h, then frozen at -70°C. The second replica was transferred to HMF I/ 

ampicillin and retained at 37°C for a further hour. This was used to 

prepare a sandwich by following the replication procedure, using filters 

pre-wetted on HMF 1. The two filters were not peeled apart, but sealed
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into plastic bags, and frozen at -70°C. The third and fourth impressions 

were used to make filters for screening. After recovery at 37°C, the 

colonies were lysed in situ by placing the nitrocellulose on 3MM Whatman 

papers soaked in the following solutions, and incubating for 3 min at 

each step:

(a) 10% SDS,

(b) 0.5 M NaOH,

(c) 1 M Tris-HCl, pH 7.4.

The filters were washed in 2x SSC for 15 min at room temperature, and 

the DNA fixed by baking at 80°C for 2 h.

The master filter was allowed to recover for 2 h between each round of 

replication. It was stored at 4°C to provide a copy from which the first 

positive colonies were taken after screening. Positives obtained from 

subsequent screens were picked from the plate stored at -70°C.

New filters were prepared from the frozen sandwich as follows. The 

sandwich was thawed at room temperature for 30 min. The filters were 

checked to ensure all keying marks were correct. The two nitrocellulose 

sheets were separated, and each was placed onto a 23x 23 cm Nunc plate 

containing L-agar/ ampicillin. The original was recovered at 37 C for 

three hours. At this point it could be transferred to HMF1/ ampicillin 

and used to prepare a fresh sandwich, or it could be washed 3-4 times 

using 2.5 ml Ix Hogness/ L-broth to prepare amplified library stocks. 

These were stored at -70°C. The second filter was recovered for 12 h at 

37°C, then stored at 4°C overnight. Replicas were made from the second 

filter using the same protocol as above. If the original plate was used 

to prepare amplified stocks, two impressions were taken, and one 

returned as a fresh sandwich. If the original plate was used to prepare 

sandwich filters, only one impression was taken. Lysis of filters, and 

In situ fixing of DNA was as described above.
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2.11.8 Screening

Cosmid library filters were hybridised according to the standard 

procedure at 42°C for 48 h. A minimum of Ix 10 5 c.p.m./ ml of freshly 

labelled probe DNA was used. They were washed at 65°C, as described in 

2.7A. Autoradiography was between two intensifying screens for between 

4 h and 5 days.

2.11.9 Removal of Positive Recombinants from Frozen Master Plates 

(Steinmetz et aj_._, 1986)

Autoradiographs were matched against the filters, and the keying marks 

transferred to the X-ray film. Duplicates were compared to establish 

whether potential positives were detected on both filters.

To remove positive recombinants the frozen master plates were thawed 

for 45 min at room temperature. Filters were air dried on 3MM Whatman 

paper before transferring onto fresh L-agar/ ampicillin plates. They 

were recovered for 2 h at room temperature. Master filters were aligned 

with autoradiographs on a light box, using a layer of ethanol-washed 

cling film to separate them. An area of about 2-3 mm in diamater was 

scraped from the positive area of the master filter using a sterile 

tooth-pick, or the cut end of an adapted Gilson pipette tip of similar 

cross-section. The colonies were put into 500 ul L-broth and recovered 

for 2-4 h at room temperature. The master filters were recovered on HMF 

2/ ampicillin for 2 h at room temperature prior to refreezing at -70 C.

2.11.10 Rescreening Positive Recombinants 

The stock prepared by scraping the positive area from the master
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filter was diluted between 10 and 10 times in L-broth. From each 

dilution 200 ul was plated onto nitrocellulose on 9 cm L-broth/ 

ampicillin plates and incubated at 37°C overnight. The remaining stock 

was stored at -70°C in Ix Hogness/ L-broth.

Two replicas of the rescreen plates were taken using the same protocol 

as for the original library preparation (2.11.7). These were recovered 

on L-broth/ ampicillin plates at 37°C, lysed, and baked to provide 

filters for screening. The master rescreen plate was stored at 4 C.

Rescreen filters were hybridised, washed and autoradiographed using 

standard procedures. The rescreening was repeated until single positive 

colonies were available.

2.11.11 Preparation of Cosmid DNA

Single positive colonies were grown in 10 ml L- broth/ ampicillin, and 

used to prepare cosmid DNA according to the standard "miniprep" protocol 

(2.3.3).

2.11.12 Characterisation of DNA inserts

Inserts were digested with Bam HI, Bgl II, Cla I, Eco RV, Hind III, 

Kpn I (or, its isoschizimer, Asp 718), Sal I and Xho I in single and 

double digest combinations. Fragments were separated on 0.8 % agarose 

gels and blotted onto nitrocellulose for analysis by hybridisation with 

various walking probes, vector DNA, and genomic DNA ( see chapter III).



CHAPTER III
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PREPARATION AND ANALYSIS OF THE COSMID LIBRARIES: 

CHROMOSOME WALKING IN THE MHC.

3.1 INTRODUCTION

Chromosome walking involves the systematic isolation of DNA from a 

specific genomic location in a series of overlapping recombinant clones. 

Each step relies upon the preparation of unique sequence probes from the 

outer limits of the cloned DNA. Once isolated, a new probe is used to 

screen a library of genomic fragments to find the next set of 

overlapping recombinants. The inserts are characterised by restriction 

enzyme digestion and Southern blotting to produce a molecular map of the 

region. The three stages (probe isolation, screening and analysis of the 

DNA) are repeated in a sequential fashion to extend the original data. 

Chromosome walking is facilitated by using a vector system which can 

introduce large fragments of foreign DNA into the chosen host. Cosmids 

are hybrid DNA molecules derived from plasmids based on the ColEl 

replicon carrying the cohesive end site (cos) of bacteriophage A 

(Coll ins and Hohn, 1978). Like plasmids, they retain the ability to 

replicate autonomously within E.coli, and carry selectable drug 

resistance markers. The presence of the cos site permits in vitro 

encapsulation using a bacteriophage A system, but the smaller size of 

the vector (in the range of 4.5 to 6 kb) allows 40 to 45 kb of foreign 

DNA to be inserted. The DNA can then be recovered using standard plasmid 

preparative methods (Birnboim and Doly, 1979).

Cosmid libraries have been used successfully for the characterisation 

of both human and murine MHC genes (Carroll et al_._, 1984, 1985a; 

Strachan, 1987; Malissen et al_.. s 1982; Trowsdale, et al_._, 1985; Spies et 

al., 1985; Strominger, 1987; Muller et a/L., 1987b). In addition,
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overlapping cosmid clusters containing the class I, II and III region 

loci from the H-2 complex in mouse have been linked together by 

pulsed-field gel electrophoresis (PFGE) to construct a molecular map 

spanning ^2,300 kb (Muller ejt aK_, 1987a). In man, a similar approach 

has been used to determine the organisation of the class II subregions 

(Hardy et_ £]_._, 1986), and to produce an overall physical map of the HLA 

region (Dunham et^ j*l_._, 1987; Carroll ejt jil^, 1987). Within the class III 

region, the complement genes C2, factor B (Bf), C4A and C4B, and the 

associated cytochrome P-450 steroid 21-hydroxylase (210H) loci 210HA and 

210HB have been mapped in overlapping cosmids (Carrol! et al., 1984, 

1985a) spanning 120 kb. The genes show a head-to-tail organisation, with 

less than 0.5 kb between C2 and factor B (Wu et_ jf!_._, 1987), and a gap of 

30 kb between the factor B and C4A genes. The C4A and C4B genes are 

separated by 10 kb, and each has an associated 210H locus within 3 kb of 

its 3' end (Carrol! et al., 1985a). Attempts to determine the 

orientation of the complement genes with respect to other MHC markers by 

analysis of recombination events has proved contradictory, with some 

groups favouring C2 at the centromeric side of the cluster (Bodmer and 

Bodmer, 1984; Wilton and Charlton, 1986) and others at the telomeric end 

(Abbal et all, 1987).

In order to prepare a detailed molecular map of the class III region 

in man, cosmid libraries were constructed by Mbo I partial digestion of 

DNA isolated from an EBV transformed lymphoblastoid cell line. The donor 

individual was the offspring of a consanguineous (first cousin) marriage 

with a homozygous HLA type (A2, B7, DR2, C2 C, Bf S, C4A 3, C4B QO). A 

deletion encompassing the 210HA gene and the C4B gene is responsible for 

the C4B QO phenotype, and has been described previously (Carroll et al., 

1985b; Yu and Campbell, 1987). An initial cosmid cluster containing the 

complement genes was used to confirm their arrangement in this haplotype
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with respect to the published data (Carroll et jfL_, 1984, 1985a). New

probes isolated from the two extremities were subsequently used for

walking, and to establish the precise orientation and location of the

class III genes within the MHC by PFGE (Dunham et aj_._, 1987). A second 

walk was initiated from the tumour necrosis factor (TNF) a and 3 genes,

following their linkage to the region between complement and HLA-B

(Dunham et aK_, 1987; Carroll £t aV.., 1987; Ragoussis et al_._, 1988), to

isolate a total of 541 kb of cloned DNA.

3.2 RESULTS

3.2.1 Preparation of the Cosmid Library

3.2.1.1 Preparation of the Insert DNA

High molecular weight DNA was restricted with Mbo I and phosphatased 

in a series of trial experiments. Samples of 3 ug of genomic DNA were 

incubated with 2.0-O.QS125 U Mbo I in twofold serial dilutions, as 

described in 2.11.2. The samples were fractionated on a 0.4% agarose gel 

using uncut X (49 kb) and Xho I cut X (35 and 14 kb) as standards (Fig. 

3.1). To ensure that regions of DNA which were more, or less, accessible 

to enzyme were represented in the final 35-50 kb fraction used to 

construct the library, five enzyme concentrations were chosen. These 

included partial digests which were over- and under-digested with 

respect to the optimal conditions, in which the bulk of the cleaved DNA 

lay within the correct size range. The appropriate range of digests was 

scaled up exactly by 20 times, using 40, 20, 10, 5 and 2.75 U Mbo I for 

each 60 ug of genomic DNA. The digests were performed in low salt Mbo I 

buffer, followed by treatment with phosphatase to reduce the risk of



Fig. 3.1

Mbo I partial digests of genomic ONA. The uncut DNA (0) is 

compared against 3 ug samples cleaved with two-fold dilutions of 

enzyme, and fractionated on a 0.7% agarose gel. Samples 1 to 0.0625 

were scaled up twenty times for preparation of the cosmid library.
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ligation between non-contiguous DNA fragments. 

3.2.1.2 Fractionation of insert DNA

The conditions for the size fractionation of the Mbo I partial digests 

were predetermined with trial runs using bacteriophage A DNA. The A

genome was digested with Xho I or Hind III prior to end filling with

32 
[a- P]-dATP (2.8.2) and desalting on a Sephadex G-100 column. Duplicate

sucrose density gradients were set up using 9 ml steps of 10-40% with 

10% increments, and 6 ml steps of 20-45% in 5% increments. One of each 

pair of gradients was loaded with Xho I cut A, and the other with a 1:1 

mixture of the Xho I and Hind III digests. The samples were centrifuged 

and 0.7 ml fractions collected as described in 2.11.3. The total 

radioactivity in each fraction was monitored and plotted against 

fraction number. Peak separation was more efficient with the 20-45% 

gradient (Fig. 3.2A). From fractions 20 to 37, 50 ul were run on a 0.6% 

agarose gel which was dried onto Whatman 3MM paper using a vacuum drier 

(Aquavac, Uniscience), and autoradiographed (Fig. 3.2B). This confirmed 

the separation of the major size markers from 35-1.98 kb by 

centrifugation.

Electrophoresed samples taken from the fractions recovered after the 

centrifugation of Mbo I partial digests of genomic DNA are shown in Fig. 

3.3. These can be compared against the samples of unfractionated 

partial digests in tracks 16-19. The standards, a mixture of uncut A, A 

Xho I and A Hind III with fragment sizes of 49, 35, 24, 14, 9.5, 6.6, 

4.3, 2.26 and 1.98 kb, emphasise that each fraction contains a distinct 

band of DNA which lies within a narrow size range. Fractions containing 

DNA fragments of 35-50 kb were ethanol precipitated, and the pellets 

resuspended in 25 ul 10 mM Tris-HCl/ 0.1 mM EDTA, pH 7.4. Each 0.7ml
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Fig. 3.3

Samples from sucrose density gradient centrifugation of Mbo I 

digested genomic DNA (lanes 1 to 14) compared with unfractionated 

partial digests (lanes 16 to 19). Standards consisted of mixtures of 

uncut A, A Xho I and A Hind III. Fractions containing DNA in the 35 to 

50 kb size range were ethanol precipitated and used to prepare the 

cosmid library.
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fraction yielded about 5 ug DNA. Only the most efficiently ligated and 

packaged fraction, as determined from a series of trial experiments 

(3.2.1.4), was used to prepare a library.

3.2.1.3 Preparation of the Vector Arms

pDVcos is a small cosmid vector (4.5 kb) containing a duplicated Xho 

I/ Pvu II fragment which encompasses the cos site necessary for DNA 

encapsulation with bacteriophage X in vitro packaging extracts. This 

duplication permits the simple preparation of vector arms in a two step 

process. Firstly, cleavage between the cos sites at Pvu II followed by 

phosphatase treatment prevents religation of vector fragments to form 

oligomers. Secondly, cleavage at Bam HI produces two vector arms with 

ends compatible with the Mbo I used to prepare the insert DNA. Each arm 

has its own cos site. In addition, one contains the ampicillin 

resistance marker (amp ) and the origin of replication from ColEl (ori) 

(Fig. 3.4).

Since the cos site at each end of the recombinant must be in the same 

orientation, and separated by 38-53 kb, to allow encapsulation into the 

X phage heads, only the correct combination of arms with insert DNA can 

be packaged. Dimers formed by religation at the Bam HI site are excluded 

on the basis of size, and oligomers of vector should be eliminated by 

phosphatasing the Pvu II site. Furthermore, as the digests are performed 

sequentially on the same DNA sample, the arms are present in the 

ligation mixture at the correct ratio of 1:1.

3.2.1.4 Ligations and Packaging 

Trial ligations and packaging experiments were performed to establish



Pv X S

cos

COS COS on ampR

cufPvuEl, P'ase

2 cut Bam HI

Pv X S M* M*S

or amp
n

Pv

cos

Fig. 3.4

A schematic representation of the preparation of pDVcos vector arms. 

The orientations of the cos sequences are indicated by the horizontal 

arrows. The sites for the enzymes Cla I (C), Pvu II (Pv), Xho I (X), 

Sal I (S) amd Bam HI (M) are shown. Following step 2, the Bam HI cloning 

site is marked by a *.
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which genomic DNA fractions from the 35-50 kb range were suitable for 

library construction. The optimal conditions were found to be 1:1 (w/w) 

vector DNA to genomic DNA during the ligation, with a packaging time of 

3 h.

All trial ligations were carried out in a 10 ul reaction volume using 

250 ng of vector arms. After 2 ul were taken for packaging, a tenth of 

the encapsulated DNA was introduced into E_. coli by transduction. The 

cells were plated onto L-agar containing 50 ug/ml ampicillin, and 

incubated overnight. The numbers of colonies per plate were scaled up to 

calculate the total number of recombinants /ug of insert DNA, as shown 

in table 3.1. The most colonies were obtained with fraction 25 (Fig. 

3.3), which was ligated and packaged almost twice as efficiently as the 

preceeding fraction (24) containing slightly larger DNA fragments, and 

tenfold better than the following fraction (26) containing slightly 

smaller DNA fragments (Table 3.1).

The titrations used NM 554 and 1046 as host bacterial strains for 

transduction with the encapsulated DNA. Both exhibited a low rate of 

back mutation to the RecA phenotype following ultra-violet testing 

(2.11.5). However, transduction efficiencies with NM 554 were twofold 

higher than with 1046, leading to its selection as the host strain for 

cosmid library preparation.

3.2.1.5 Transduction and Plating

5 A maximum of 2x 10 recombinants per ug of genomic insert DNA was

attained with the optimal conditions for ligation, packaging and 

transduction (Table 3.1). Two libraries were prepared from Mbo I partial 

digests, each using 5 ug of size-fractionated genomic DNA. This gave a
c c

potential 2x 10 recombinants. In total 1.5x 10 recombinants were



Table 3.1

Packaging3 Iigation and transduction efficiencies of DNA samples, 

F_ na_ no. E_

23 50
250

24 50
50

25 50
250

26 50
250

1046

3. Ox 103 
3.5x 10

5.9x 1044 
6.8x 10

3.5x 10 4 
l.Ox 10

8.4x 103 
1.2x 10

NM554

1.2x 104 
9.6x 10

1.3x 10\ 
1.4x 10"

1.2x 105 
2.6x 10

l.Ox 10 4 
2.8x 10

F= fraction number
ng= amount of DNA (in ng) per Iigation mixture
no. R= the number of recombinants per ug of insert DNA.
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plated, at a density of about 125 000 colonies per 22x 22 cm 

nitrocellulose filter. The remaining 5x 10 clones were lost after an 

attempt to store packaged cosmids at 4°C in phage dilution buffer was 

found to result in a tenfold decline in their transduction efficiency,

3.2.1.6 Screening of Library Filters

Both Hybond-C (nitrocellulose) and Hybond-N (nylon) were used to 

prepare replica filters and replacement filters for screening. Hybond-N, 

although more resistant to damage caused by repeated handling, was found 

to give a higher background radioactivity owing to non-specific probe 

hybridisation. Furthermore, the intensity of the positive signal 

decreased more dramatically than when nitrocellulose was used for 

successive screenings. Typically, nitrocellulose membranes were 

autoradiographed at -70°C for 3 h to 2 days, whereas nylon membranes 

required 12 h to 5 days.

3.2.1.7 Removal of Positive Recombinants

Unless otherwise stated, each round of screening during the chromosome

5 
walk involved four pairs of duplicate filters, or 5x 10 recombinants.

Positives were removed from the -70°C master plates as described in 

2.11.9. The frozen masters were subjected to at least 6-7 cycles of 

thawing without observing a substantial decline in the viability of the 

recovered stocks.

3.2.2 Characterisation of the Complement and 21-Hydroxylase Gene Cluster 

The initial cosmid clones were isolated using a 210H genomic probe
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(Rodrigues e£ aK_, 1987), the factor B cDNA (Morley and Campbell, 1984) 

and a 1.6 kb Hind III genomic fragment (probe K) located 6.5 kb 5' to 

the C2 gene ( R.D.Campbell, unpublished). All three positives which were 

isolated with the factor B cDNA and the six which hybridised with probe 

K were taken for restiction enzyme analysis (Fig. 3.5).

Over 60 positives were detected with the 210H probe. To eliminate 

multiple clones covering the same region of ONA, 2ul from each of the 

rescreen stocks were dotted onto nitrocellulose grids, incubated at 

37°C, lysed, and hybridised with a C4 probe (Belt £t aK_, 1984). Only 

two cosmids were found to extend away from the 210HB locus; these, along 

with one other cosmid known to contain the C4A gene, were selected to 

complete the characterisation of this region.

The cosmid inserts were analysed by restriction enzyme digestion and 

Southern blotting. Each clone was cut with Bam HI, Bgl II, Cla I, Eco 

RV, Hind III, Kpn I (or its isoschizimer, Asp 718), Sal I and Xho I in 

single and double digest combinations (Fig.3.5). The enzyme Sal I was 

used to cleave the pDVcos out of the DNA as a 4.5 kb fragment. The sizes 

of all restriction fragments were estimated to within 5%. Bands smaller 

than 0.3 kb were, however, below the detection limits of the ethidium 

bromide stained agarose gels used to separate the restriction digest 

products.

Following fractionation of the restriction digests on 0.8% w/v agarose 

gels, three Southern blots were prepared. One was hybridised with the 

identifying probe, and one with pDVcos DNA, to confirm the restriction 

map generated from the digest data. The third Southern blot was 

hybridised with total human genomic DNA to identify bands with little or 

no repetitive DNA elements (see 3.2.2.1).



Fig 3.5

Restriction map of the complement/ 210H gene cluster. Cosmid 

genomic inserts were mapped using Bam HI (M), Bgl II (B), Hind III 

(H), Kjgn I (or its isoschizimer Asp 718) (K), Eco RV (V), Xh£ i (x), 

Sal I (S) and Cla I (C). The 5' to 3' orientations of the known 

genes are indicated by horizontal arrows. The limits of the cosmid 

inserts are shown by the horizontal bars (i i). Regions of unique DNA 

sequence are defined below the cosmid inserts by the open boxes, and 

the probes used to isolate the cosmids, by the shaded boxes.
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Digests of the cosmids isolated with 210H are shown in Fig. 3.6A, 

alongside autoradiographs of probed Southern blots. In each case, the 

fragments which hybridised to 210H (Fig. 3.6B) and pDVcos (Fig. 3.6C) 

could be related to the restriction maps of the individual cosmids, and 

shown to be consistent with the data. The autoradiograph of the blot 

probed with radiolabelled genomic DNA (Fig. 3.60), showed that fragments 

of %0.9, 1.0 and 3 kb in the Bam HI digests and -vl.6 and 3 kb in the Bgl 

II digests of cos!2.2 and cosll.l were potentially non-repetitive. 

Comparison of the positions of these fragments with the map of cosll.l 

(Fig. 3.6E), indicated that the Bam HI and Bgl II fragments at 3 kb were 

the furthest away from the 210H probe, and suitable for isolating a new 

walking probe.

In total, the cluster of 12 cosmids was found to cover 140 kb (Fig. 

3.5). The clones isolated with the 210H probe mapped 37.5 kb beyond the 

3' end of the 210HB gene, encompassed 210HB and the whole of the C4A 

gene. The three positives detected by the factor B cDNA spanned the 30 

kb gap between C4A and the factor B gene, and 75% of the C2 gene. All of 

the cosmids obtained with probe K contained a complete C2 gene, and with 

the exception of cos30, at least part of the factor B gene (Fig. 3.7B). 

One of these, coslOy, was non-contiguous in the region 5' to C2. 

Although the Bam HI digest appeared very similar to coslla and defined 

endpoints within the region covered by the cosmid cluster, the Xho I/ 

Sal I digest showed that not all the fragments generated were in common 

with other cosmids containing the C2 gene (Fig. 3.7A). This insert was 

probably generated by the ligation of a large restriction fragment to a 

smaller genomic element which had contaminated the 35-50 kb DNA fraction 

isolated from the sucrose density gradient. The maximum extension at the 

C2 end of the cluster was 22 kb.



Fig 3.6

Characterisation of the cosmids isolated with the 210H probe. 

Cosmids cos!2.2 (1), cosll.2 (2), cosll.l (3) and cos2y(4) (a 

factor B positive cosmid) were cleaved with Bam HI (M), Eco RV ( 

or Bgl II (B) and fractionated on a 0.8% agarose gel (Fig 3.6A). 

Southern blots were hybridised with the 210H probe (Fig. 3.6B), 

pDVcos (Fig. 3.6C) or genomic ONA (Fig. 3.60). The positive result 

of 4 with the 210H probe probably arises from cross-hybridisation of 

the probe to vector sequences (compare with Fig. 3.6C). For cosll.l, 

the sizes of the hybridising fragments (kb) are indicated above the 

restriction map (pDVcos^ or below (210H). Potential unique sequences, 

which fail to hybridise with the genomic DNA, were mapped in cosll.l 

(Fig. 3.6E). A new walking probe, probe A, isolated from the 3 kb Bgl 

II fragment was tested on a genomic Southern of Bam HI digested DNA 

from two individuals (Fig. 3.6F), before being used to rescreen the 

cosmid 1ibraries.
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Fig. 3.7

Positives isolated with the factor B probe and probe K. DNA 

samples were digested with Bam HI (M) or Xho I/ Sal I (X/S), and 

fractionated on a 0.8% agarose gel (Fig. 3.7A). A Southern blot was 

hybridised with the factor B probe (Fig. 3.7B). From the results, 

cos93 is probably an incorrect pick, as the restriction digest 

patterns are inconsistent with the other clones, and the DNA does 

not hybridise with the Factor B probe. Cos36, which was isolated 

with probe K, does not contain any factor B sequence. CoslO is an 

internal standard containing the factor B and C2 genes (Carrol! et 

al., 1984).
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The overall organisation of the genes in the complement/ 210H gene 

cluster was consistent with that published by Carroll et al. (1984) 

allowing for the deletion that encompasses the 210HA and C4B loci in 

this cell line. Analysis of Tag I genomic digests has shown that the 

210H gene present in this haplotype is a B gene, and that the C4 gene is 

characteristically C4A like in size. In addition, it has been shown to 

encode the C4A isotypic determinants (Yu and Campbell, 1987). All of the 

restriction fragments mapped in the cloned DNA are in agreement with 

these findings, and support the hypothesis that the deletion which 

removes the intervening loci must have occurred either between the very 

3' ends of the C4A and C4B genes, or, in the regions between the 3' ends 

of the C4 and the 5' ends of the 210H loci.

3.2.2.1 Isolation of Walking Probes

Restriction fragments from the cosmid inserts were blotted onto 

nitrocellulose and probed with total human genomic DNA, radiolabelled by 

nick translation. After washing and autoradiography, X-ray films were 

compared with photographs of the ethidium bromide stained gels to 

identify which bands appeared to be devoid of repetitive elements. 

Potentially unique sequences were isolated from LGT agarose (2.5.5), 

radiolabelled by random hexanucleotide priming (2.7.1) and hybridised 

with Southern blots of Bam HI and Bgl II digested genomic DNA. Genomic 

samples were taken from the cell line used to prepare the library, and 

from a control individual , to ensure that no rearrangements of 

chromosome 6 had been introduced as a result of the EBV transformation 

procedure. No restriction fragment polymorphisms were obtained with any 

of the walking probes isolated from the cloned DNA.
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Fragments which were confirmed to be non-repetitive from the results 

of hybridisation with genomic DNA were linked to pre-existing markers of 

the class III region by common bands on Southern blots from PFGE. Once 

linkage had been established, these unique regions were used as probes 

for chromosome walking.

3.2.3 Cosmid Chromosome Walking 

(a) From the 210HB locus

In order to walk from the 210HB gene, a new probe had to be isolated 

from the furthest extending cosmid, cosll.l. Hybridisation of 

radio!abelled genomic DNA to a Southern blot of restriction enzyme 

digested cosmid DNA suggested that a 3 kb Bam HI fragment and an 

overlapping 3 kb Bgl II fragment were potentially non-repetitive (Fig. 

3.6). These results were confirmed by other double digest analyses (not 

shown). A subclone of the 3 kb Bgl II fragment was used to prepare a 1.4 

kb Bam HI/ Bgl II probe (probe A). This was hybridised to a Southern 

blot of genomic DNA cleaved with Bam HI. The results showed that the 

probe detected fragments of the correct size, as deduced from the 

restriction map of cosll.l, and gave no background smear characteristic 

of residual repetitive DNA (Fig. 3.6F).

Probe A was used to rescreen the cosmid library. It detected 56 

positives, of which 3 did not contain any 210H sequence and were 

selected for further analysis. For the second walk, a 4 kb Bam HI 

fragment (B) was isolated from the end of cos6.8 (Fig. 3.8). This was 

used to obtain one cosmid from the Mbo I library, and one from a Bam HI 

library (see below). The final cosmid in the cluster around 210HB was



Fig. 3.8

Restriction map of the genpmic DNA isolated by chromosome walking 

from 210HB. Cosmid genomic inserts were mapped using Bam HI (M), Bgl 

II (B), Hind III (H), Kpn I (or its isoschizimer Asp 718) (K), Eco 

RV (V), Xho I (X), Sal I (S) and Cla I (C). The 5' to 3' 

orientations of the known genes are indicated by horizontal arrows. 

The limits of the cosmid inserts are shown by the horizontal bars 

(i 0. Regions of unique DNA sequence are defined below the cosmid 

inserts by the open boxes, and the probes used to isolate the cosmids, 

by the shaded boxes.
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detected using a 2.2 kb Nco I/ Bgl II probe (C) derived from a subclone 

of cosM4 (Fig. 3.8).

The six cosmids were characterised by restriction mapping, as 

described in 3.2.2, to extend the cloned region to 102 kb beyond the 

210HB locus (Fig. 3.8). During this time, the orientation of the class 

III genes within the human MHC was established using PFGE (Dunham et 

al., 1987; see section 3.2.4.1), and the 210HB gene was found to lie at 

the centromeric end of the known class III gene cluster. The gap between 

the 210H and DRA genes was estimated at 300-350 kb. As no DRA clones 

were isolated from the cosmid libraries, bidirectional walking between 

these markers was impossible. In contrast, isolation of cosmids 

containing the genes for tumour necrosis factors (TNF) a and 8 provided 

a second reference point from which to clone the sequences between C2 

and TNF a, an estimated 390 kb. See section 3.2.3 (c).

(b) From the C2 locus

The extension obtained from C2 to the end of the original cosmid 

cluster was 22 kb. No unique sequences were isolated within the 15 kb 

beyond probe K, or from subclones of the last 10 kb of the cloned 

region. All 1.5x 10 recombinants from the Mbo I libraries had been 

screened with probe K to obtain the six positives analysed (3.2.2K

Therefore, the 1.6 kb Hind III fragment was hybridised with filters from

5 
a small library of Ix 10 independent recombinants prepared by Bam HI

partial digestion of DNA from an individual HLA typed as Al, B17, C4 

A6B1, BfS, DR7/ Al, B8, C4 AQOB1, BfS, DR3 (M. J. Anderson, 

unpublished). Two positives (cosMl, cosM2; Fig. 3.9) were recovered. 

Restriction mapping showed that these cosmids overlapped the original 

cluster by 34.5 kb, and extended it by 28.5 kb. A new walking probe was



Fig. 3.9

Restriction map of the genomic ONA isolated by chromosome walking 

from the C2 gene. Cosmid genomic inserts were mapped using Bam HI (M), Bgl 

II (B), Hind III (H), Kpn I (or its isoschizimer Asp 718) (K), Eco 

RV (V), Xho I (X), Sal I (S) and Cla I (C). The 5' to 3' 

orientations of the known genes are indicated by horizontal arrows. 

The limits of the cosmid inserts are shown by the horizontal bars 

(i f). Regions of unique ONA sequence are defined below the cosmid 

inserts by the open boxes, and the probes used to isolate the cosmids, 

by the shaded boxes.
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prepared from this extension. The 0.9 kb Bam HI/ Xho I genomic fragment 

(J) was located 48 kb from the 5'-end of the C2 gene. On rescreening the 

Mb£ I library (5x 10 5 recombinants) probe J detected 15 positives. Two 

of these were taken for further characterisation on the basis of 

hybridisation to a restriction fragment from the region between probes J 

and K. These were independently mapped with the standard restriction 

enzymes to confirm that the genomic fragments cloned from the Bam HI 

library did not contain any polymorphic sites or chromosomal 

rearrangements. The restriction maps for the region in common between 

the two libraries were identical with all enzymes used. The insert of 

one recombinant was found to overlap the cosmid cluster isolated with 

probe K by 10 kb, and the other insert extended the DNA cloned from the 

Bam HI library by 27.5 kb.

A new probe, I, was isolated from a position M.2kb telomeric to probe 

J. This was used to rescreen the Mbo I library, and to isolate two more 

cosmid clones. The last 0.8 kb from one of these, cos7I, was recovered 

from a Bgl II/ Sal I digest, and taken as the next walking probe (H). 

The new cosmids fell into three categories. One, like cosmids 71 and 81, 

contained a single copy of probe H, and overlapped with the available 

restriction data by 34 kb. Three more cosmids also contained a single 

copy of probe H and a region which appeared to cross-hybridise with the 

probe, but could not be aligned with the molecular map. A final group of 

three cosmids was found to have restriction sites in common with both 

these clusters (Fig. 3.10). A more detailed characterisation of the 7 

cosmids from this screen showed that probe H lay within a duplicated 7 

kb Bam HI fragment, the copies (Hj and H^) being separated by 11 kb. H I 

could be distinguished from H« in a Bam HI/ Hind III double digest, as 

the 7 kb Bam HI fragment further from C2 was cut to give a hybridising 

fragment of 2.4 kb (see chapter VI). Owing to the extensive overlap



Fig 3.10

Clones isolated with probe.H digested with Bgl II/ Cla I (Fig. 

3.10A). Lane 1 = coslOIII, 2 = coslOII, 3 = cos!2I, 4 = cos9II, 

5 = coslOI, 6 = cos 12IV, 7 = cos9III and 8 = cos8I. From the 

restriction data, the cosmids could be divided into three groups, 

depending upon the number of copies of probe H which they contained. 

The overlapping inserts are shown by the horizontal bars (i 0 in 

Fig. 3.10B.
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between these cosmids and the pre-existing molecular map, and between 

the cosmids within this cluster, it was unlikely that the results 

obtained with probe H represented a cloning artifact. Furthermore, probe 

H and a unique 0.6 kb Bam HI fragment (G) isolated from the telomeric 

end of the cluster were both linked to known class III region loci by 

hybridisation to common fragments on PFGE blots (see 3.2.4.2). Final 

confirmation that probe H represented a duplicated locus came from 

studies of cloned and chromosomal DNA, as discussed in chapter VI. In 

total, this single walk extended the map by 52 kb beyond the endpoint of 

cos7I.

Probe G was used to screen the library for the next set of positives. 

Twenty-eight were detected, of which 12 were taken for rescreening, and 

11 were characterised. A 1.3 kb Bgl II fragment (F) from the most 

telomeric clone (coslOq) was used to obtain the last 2 cosmids from the 

Mbo I 1ibrary.

The four walks made from this end of the cosmid cluster, brought the 

extension from C2 to 195.5 kb (Fig. 3.9), and the total of the cloned 

genomic DNA encompassing the 210HB and complement loci to 381.5 kb. The 

final genomic probe (E) failed to detect new recombinants from either 

the Mbo I or the Bam HI libraries. Therefore, the last 11.5 kb was 

obtained from a Hind III genomic library prepared in a lorist 6 vector 

(a gift from T. Rabbitts). No suitable probe fragment was mapped within 

this region.

(c) From TNF a

Genes for TNF a and TNF 3 were mapped within the murine MHC by 

analysis of restriction fragment length polymorphisms in inbred mouse 

strains (Muller et^ al_._, 1987a; Gardner ert £!_._, 1987). Subsequent linkage
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of cosmid clusters (Muller et al., 1987b) positioned the tumour necrosis 

factor genes 70 kb away from the mouse class I D locus. By analogy with 

the murine H-2 complex, the human genes would lie between the 

complement/ 210H gene cluster and HLA-B. Analysis of human MHC deletion 

mutants by genomic Southern blot hybridisation appeared to confirm that 

TNF a lay within the HLA, but could not establish the exact position 

(Spies et aj^, 1986).

The Mbo I library was screened with a TNF a genomic probe ( a gift 

from Mark Bodmer) to isolate 9 positives, of which 6 were fully 

characterised. The cluster covered 82.5 kb around the TNF a locus 

extending 40 kb from both the 3' and the 5' ends of the gene (Fig. 

3.11). The position of the TNF 6 locus was deduced from comparison of 

the restriction data with the published maps of Nedospasov et a!. (1985, 

1986). The 30 kb around the TNF loci were found to be identical for the 

restriction enzymes Bam HI, Hind III, Kpn I and Xho I, which had been 

positioned in the bacteriophage clones.

To use the TNF cluster as a reference point from which to initiate a 

second walk, the orientation of the loci and the distances between the 

cloned genes were determined from PFGE (Dunham et al., 1987). A 1.4 kb 

genomic Bam HI fragment (L), located 10.5 kb 3' to TNF <* was used in 

conjunction with probe J to show that C2 was telomeric to 210HB, and 

that TNF a was centromeric to TNF 3. The region from C2 to TNF a was 

estimated at 390 kb (see 3.2.4.1). To close the gap between the two 

clusters, a 0.4 kb Bam HI/ Hind III fragment (M) was isolated from the 

centromeric end of cos8.2 (Fig. 3.11). Six new recombinants were 

analysed as before, and a second probe (N) recovered for rescreening the 

library. The three cosmids detected by probe N only extended the 

previous cluster by ^lOkb (Fig. 3.12). A 0.6 kb Bgl II fragment (0) from 

the end of cosSA did not hybridise to any clones from the Mbo I



Fig. 3.11

Restriction map of the genomic DNA isolated with the TNFa probe. 

Cosmid genomic inserts were mapped using Bam HI (M), Bgl II (B), 

Hind III (H), K£n I (or its isoschizimer Asp 718) (K), Eco RV (V), 

Xho I (X), Sal I (S) and Cla I (C). The 5' to 3' orientations of the 

known genes are indicated by horizontal arrows. The limits of the 

cosmid inserts are shown by the horizontal bars (i t). Regions of 

unique DNA sequence are defined below the cosmid inserts by the open 

boxes, and the probes used to isolate the cosmids, by the shaded boxes.
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Fig. 3.12

Restriction map of the genomic DNA isolated by chromosome walking 

from the TNF gene cluster. Cosmid genomic inserts were mapped using 

Bam HI (M), Bgl II (B), Hind III (H), Kjm I (or its isoschizimer Asp 

718) (K), Eco RV (V), Xho I (X), Sal I (S) and Cla I (C). The 5' to 

3' orientations of the known genes are indicated by horizontal 

arrows. The limits of the cosmid inserts are shown by the horizontal 

bars (» i). Regions of unique DNA sequence are defined below the cosmid 

inserts by the open boxes, and the probes used to isolate the cosmids, 

by the shaded boxes.
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libraries. Instead, the final positive was obtained from the Bam HI 

library. Probes from this insert were found to hybridise to restriction 

fragments of identical size in both Bam HI and B£]_ II digests of DNA 

from the individuals used to prepare the Bam HI and the Mbo I libraries. 

In addition, all of these probes were linked to the pre-existing MHC 

markers by PFGE, confirming their position within the class III region. 

However, no new recombinants could be detected by hybridisation with the 

Bam HI and Hind III lorist library filters. One clone was found on 

screening the 1.5x 106 cosmids of the Mbo I libraries, but this failed 

to rescreen.

In total, the walk from the TNF loci encompassed 148 kb, with an 

extension of 108 kb from the 3 1 end of the TNF a gene (Fig. 3.12).

3.2.4 Pulsed-field Gel Electrophoresis Analysis of Walking Probes

In addition to the standard enzymes used to characterise the cosmid 

inserts, DNA was cleaved with the rare cutters Mlu I, Not I, Nru I and 

Pvu I. All of these enzymes recognise sequences containing at least one 

CpG dinucleotide, and are methylation sensitive, thus cutting less 

frequently in genomic DNA than in the cloned DNA. (See chapter IV for 

further details.) Southern blots of restricted genomic DNA separated by 

PFGE were supplied by lan Dunham.

3.2.4.1 Orientation of the Class III Genes within the MHC (Dunham 

al., 1987)

The sites for Mlu I, Not I, Nru I and Pvu I were mapped in the cloned

DNA by single digests and double digests in combination with the

reference enzymes BamH I and Bgl II. By comparing which of the class III
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region probes hybridised to common fragments on Southern blots from 

PFGE, the sites which cleaved in the chromosomal DNA could be correlated 

with those in the cloned DNA (see chapter IV).

A 980 kb Not I band in common with the class II subregions OR and DQ 

and the complement loci was found to extend 27 kb 5' to the C2 gene. A 

probe (J) which lay beyond the Not I site mapped in the cloned DNA 

hybridised to a separate fragment estimated at 210 kb. Therefore, C2 was 

shown to be telomeric to 210H. Similarly, TNF a was linked to the class 

I subregions HLA-B and HLA-C by hybridisation to a common 780 kb Pvu I 

fragment. No digest linked TNF a to the complement genes. However, a 

probe (L) 10.5 kb 3' to TNF a was isolated from the cosmid cluster. This 

was shown to lie beyond an Nru I siterxS kb from the TNF a locus. Probe L 

hybridised to a different Nru I fragment from TNF a, but detected the 

640 kb fragment in common with the other known class III region probes. 

From these data, the TNF a locus could be positioned centromeric to TNF 

3 by comparison with the published maps of Nedospasov et al. (1985, 

1986). Furthermore, the distances between 210HB and DRA, C2 and TNF a, 

and C2 and HLA-B were estimated at 300, 390, and 650 kb respectively 

(Fig. 3.13).

3.2.4.2 Linkage of Walking Probes by PFGE

To ensure that the clones isolated represented contiguous DNA from 

chromosome 6, all walking probes were linked to pre-existing class III 

markers by PFGE (Fig. 3.14). A blot of Not I, Nru I and £vu_ I single and 

double digests of genomic DNA from the cell line used to prepare the 

library was hybridised with the unique sequences after they had been 

tested on standard genomic Southerns. The blot was stripped between each 

probing as described in 2.7.5.
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The long-range map of the human MHC (Dunham et al., 1987). Fig. 3.13A 

shows overlapping cosmid clones from the complement/ 210H and TNF 

regions. The positions of the genes are indicated by the solid boxes, 

and the 5' to 3' orientation by the horizontal arrows. Enzyme sites 

known to cleave in chromosomal DNA are marked by arrow heads, other sites 

are indicated by vertical bars. (C = Cla 1,5= Sal I, Nr = Nru I, 

N = Not I, Ml = Mlu I, Pa = Pae R71, Pv = Pvu I.) Fig. 3.13B shows the 

restriction map obtained from Southern blot analysis. The exact positions 

of genes are shown by solid boxes, and the open boxes define the limits 

of the region hybridising to the probes. The cross-hatched box shows the 

probable position 1 of the DRA gene.



Fig. 3.14

Linkage of walking probes from across the class III region. The 

probes were hybridised to a Southern blot of genomic DNA digested 

with Not I (N), Nru I (Nr) and Pvu I (Pv) in single and double 

digest combinations. The samples were separated using a pulse time 

of 65 s. The probes which gave the results displayed are indicated 

on the first line below the autoradiographs. Probes which hybridised 

to identical fragments are designated below. The map in Fig. 3.14B 

shows the relative positions of the probes, and the fragments (kb) 

attributed to the class III region.
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All the walking probes hybridise to a common 640 kb Nru I fragment, 

the end-point of which has been established at a position 2.5 kb 3' to 

TNF a. The probes centromeric to 210HB also hybridise to a Not I 

fragment of 980 kb, a Pvu I fragment of 340 kb, a Not I/ Nru I fragment 

of 280 kb and a Not I/ Pvu I fragment of 270 kb. The telomeric 

end-points of all of these restriction elements have been mapped within 

the cloned cosmid inserts. All of the probes hybridise to single and 

double digest products which are consistent with these sites.

Probes J and I hybridise to the same Nru I and Pvu I fragments of 640 

and 340 kb as the 210H probe. However, they detect a different Not I 

fragment of 210 kb. Analysis of the cloned DNA shows that the Not I site 

cleaved in chromosomal DNA is 16 kb centromeric to probe J and 27 kb 

telomeric to the 5' end of the C2 gene.

Probe H, a 0.8 kb Bgl II/ Sal I fragment recovered from the end of a 

cosmid insert, maps to a position 92 kb telomeric to C2. This probe, 

which is duplicated, contains the Pvu I site which links the observed 

fragments of 340 kb, containing the complement genes, and 780 kb, 

containing the TNF genes. In addition, it detects a band of 12 kb, the 

distance between the duplications. Probe H also hybridises to the 210 kb 

Not I fragment and the 640 kb Nru I fragment in common with probes J and 

I.

Probes G and F both hybridise to the same fragments of 210 kb in the 

Not I and Not I/ Nru I digests and 640 kb in the Nru I digests. They are 

linked to TNF a by a common Pvu I fragment of 780 kb.

Probes E, P, 0, N, M and L all hybridise to identical fragments in 

single and double digests with Not I, Nru I and Pvu I. The Pvu I 

fragment of 780 kb is in common with probes H, G, F and TNF a. The Not I 

fragment is distinct from that detected by probes J to F, but identical 

to that of 270 kb which contains the TNF genes.
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The Not I fragment at 210 kb has been cloned from the cosmid library, 

and is estimated at 155 kb. The discrepancy between the two figures 

appears to be caused by anomalous migration of the fragment in the OFAGE 

system because:

(a) resizing of the fragment on a "Waltzer" gel system gives an 

estimate of 150 kb,

(b) comparison of haplotypes shows no variation in the size of this 

fragment from different cell lines,

(c) fine-detail pulsed field mapping of the class III region with the 

enzymes Bss HII, Eag I and Sac II do not reveal any deletions in 

the cloned DNA with respect to the long range restriction map. 

All of the Not I, Nru I and Pvu I single and double digest products 

have been resized using the "Waltzer" system. A comparison of the 

long-range maps shows that the sizes are at least 10% smaller than with 

the OFAGE apparatus, and are in closer agreement with the fragment 

lengths estimated from the cloned DNA (Fig. 3.15).

3.2.4.3 Linkage of the Cosmid Clusters by PFGE

From the Nru I/ Pvu I and Not I/ Nru I double digests, the fragments 

hybridising to probes E and P, which flank the gap between the cosmid 

clusters, are 260 and 150 kb. From the positions of the sites in the 

cloned DNA, the differences between the observed fragment sizes and the 

amount of DNA encompassed by the recombinants are 55 kb (260 - 205 kb) 

for the Nru I/ Pvu I digest and 22 kb (150 - 128 kb) for the Not I/ Nru 

I digest.

To obtain a more accurate estimate, the sites for the enzymes Bss HII, 

Eag I and Sac II were also mapped at a chromosomal level and within the 

cloned DNA. By using probes from the adjacent ends of the two cosmid
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clusters with PFGE Southern blots the lengths of the restriction 

fragments spanning the uncloned portion could be calculated. Chromosomal 

fragments of 70 kb (Bss HII), 110 kb (Eag I) and 118 kb (Sac II) were 

detected with probes P and E (Fig. 3.16), which predicts a gap of 22-23 

kb. Both end-points of the observed fragments could be positioned in the 

cloned DNA by comparison with blots hybridised to other probes from the 

class III region. Within the TNF cosmid cluster the Bss HII, Eag I and 

Sac II sites are 20, 64 and 0.5 kb, respectively, from the centromeric 

end. Within the complement/ 210H cosmid cluster the sites are 28, 23 and 

from the telomeric end, respectively (see chapter IV).

3.2.5 Summary

In total, 45 cosmids have been isolated by walking from the 

complement/ 210H gene cluster, and 16 cosmids have been isolated in a 

second walk initiated from TNF a. The inserts of all the recombinants 

have been mapped with the restriction enzymes Bam HI, Bgl II, Cla I, Eco 

RV, Hind III, Kpn I, Sal I and Xho I in single and double digest 

combinations. Together they encompass 541 kb of DNA, out of a possible 

maximum of 563 kb from the most centromeric to the most telomeric 

end-point, allowing for the 22-23 kb gap.

The joint map of the cosmid clusters is shown in Fig. 3.17, and 

includes all the walking probes. Only the Bam HI restriction sites are 

illustrated. For a complete restriction map, see appendix I.



Fig. 3.16

Estimation of the size of the gap between the cosmid clusters. The 

endpoints of the restriction fragments were defined in the cloned 

DNA. Probe E (shown) hybridised to the same Eag I (not shown) and Bss 

HII fragments as probe P. Probe P detected the same 136 kb partial 

product in the Sac II digest. The gap between the cosmid clusters, 

indicated by the break in the solid line (H H) is approximately 22-23 

kb.
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Fig. 3.17

A joint map of the cloned portion of the class III region of the 

human MHC. Only the restriction sites for Bam HI are shown. The 5' 

to 3' orientations of the known genes are indicated by the 

horizontal arrows. The limits of the cosmids are defined by the 

horizontal bars (»—i), and the walking probes are shown as shaded 

boxes.
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3.3 DISCUSSION

3.3.1 Insert size and Library Complexity

The 55 cosmids isolated from the Mbo I library had an average insert 

size of 43 kb. The smallest insert was 38.2 kb, and the largest was 46.8 

kb. This gives a total recombinant DNA molecule of 42.7 to 51.3 kb in 

length, or, 88% to 106% of the wild type bacteriophage X genome (48.5 

kb). This is within the constraints of the in vitro packaging system 

which lie at 79% to 109%.

The five cosmids from the Bam HI library (designated M in the figures) 

contained inserts of 36.7 to 44.6 kb with an average of 41 kb. The only 

Hind III lorist library cosmid (L3) was 28.1 kb. The smaller size of the 

latter arose from the restraints imposed by:

(a) the distribution of the Hind III sites within the genome,

and, (b) the necessity to include two copies of the 5.1 kb lorist 

vector, to provide two cos sites for packaging.

Only 2 cosmids out of the 61 characterised appeared to have inserts 

with identical endpoints within the genomic DNA. On closer 

investigation, one of these was found to have reformed Bam HI at the 

vector cloning sites. Therefore, all the cosmids isolated and 

characterised arose from independent recombinant events.

Apart from the cosmid isolated with probe K, two other clones were 

found to contain small non-contiguous regions of DNA at one end of the 

insert. The frequency of these clones, 5%, is within the expected range 

for a library prepared with phosphatased genomic DNA (2-5%, Steinmetz et 

al., 1986).

Assuming an average insert size of 43 kb, and a haploid genome size of
Q

3x 10 base pairs, the complexity of a library which would allow the 

isolation of a given sequence can be calculated. For a 99% probability
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of finding the sequence, the complexity is about 321,000 independent 

recombinants, as estimated from

M - In(l-P)

where N= the number of clones per complexity, P= probability, h= haploid 

genome size, and, i= average insert size (Clarke and Carbon, 1976).

Therefore, with a library of 1.5x 10 recombinants, there should be at 

least 4-5 positives for a given unique sequence probe. Failure to 

isolate a linking cosmid is unfortunate, as the probes are separated by 

only 40-41 kb, and may reflect an unusual structure within this region.

3.3.2 Growth of Cosmid Cultures and Representation of Genomic Sequences

The growth rates of cosmids appeared to vary considerably depending 

upon the region of the DNA from which the insert was cloned. Most 

cultures were dense to the eye after overnight incubation, but a few did 

not become cloudy until after 20 h of incubation. Those probes which 

were under-represented in the libraries often correlated with the most 

slowly growing cosmids. These clones were also the least stable of those 

isolated, and fresh stocks were always taken to prevent the isolation of 

deletion mutants. The frozen stocks of unstable cosmids were recovered 

in L-broth in the absence of antibiotic for 30 min to 1 h to allow
o

expression of the -lactamase gene prior to setting up overnight 

cultures. Small amounts of DNA were retained at -20°C in case any 

recombinant required repackaging and transducing into NM 554 to replace 

a deleted stock.
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The decreased growth rate of particular inserts could also be 

correlated with the failure to recover positives from the same region of 

genomic DNA on secondary screens. This can be explained by considering 

the relative growth rates of cosmids within the primary screen stock. If 

the positive recombinant replicates more slowly than other clones, it is 

"amplified out" during the 2 h recovery period which follows removal 

from the master plate. This prediction was confirmed in certain cases by 

rescreening at a very high density. Even with > 5,000 colonies per 9 cm 

plate, only one or two were positive for the under-represented probe. In

contrast, sequences from around the C4A and 210HB loci detected 60-65
5 positives for every 5x 10 recombinants probed. With these cosmids, the

first rescreen plates were 90-95% positive, and single colonies grew 

rapidly in liquid culture (visibly cloudy after 7 h).

The differential growth rates observed with cosmid inserts from 

specific genomic regions has been attributed to DNA sequences which 

suppress or enhance the host replication. Regions which are easier to 

clone may contain sequences which share homology with the bacterial 

replication origin, thus giving a selective advantage over other 

inserts. The inhibition of growth rate is harder to explain, although it 

has been suggested that certain sequences, such as direct or inverted 

repeats, are disadvantageous to the infected bacterium and are not 

propogated well within RecA" hosts (Wyman and Wertman, 1987). In 

addition, the expression of genes encoded by the insert, or the presence 

of strong promoter sequences, may interfere with the replication origin 

(Gibson jit aK_, 1987).

Sequences which failed to clone in any of the libraries may have been 

lost owing to the method of encapsulating the recombinant DNA. E.coli 

K12 derived bacterial strains contain endogenous restriction 

endonucleases which recognise a heptomeric sequence containing
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5-methylcytosine (Raleigh and Wilson, 1986). The system has been shown 

to operate in vitro with standard X packaging extracts (Rosenberg, 1985 

and 1987; Rosenberg et al^, 1985). Therefore, although the RecA" host 

strains contain mutations within the genes encoding for these 

endonucleases, cleavage of DNA prior to incorporation into phage heads 

would render the fragments unpackageable.

Finally, different restriction enzymes can alter the representation of 

the DNA sequences within the clones isolated. A summary of the 

distribution of the walking probes in table 3.2 shows that K was 

over-represented by approximately sixfold in the Bam HI library, whereas 

only one copy per complexity was isolated from the Mbo I library. The 

difference between the results may arise from the distribution of 

restriction sites within genomic DNA, and their accessibility to enzyme 

(Seed et al., 1982). If there is a region of DNA which is particularly 

rich in sites accessible to enzyme, there is a bias towards isolating 

cosmids with end-points clustered in this region. Alternatively, in 

constructing a library, there may be portions of the genome which give 

partial digest products too small or too large to package with a A
o

system. This latter problem is overcome, in part, by choking a range of 

partial digests around the optimal conditions (Seed et al., 1982), but 

may also be alleviated by making several libraries prepared with enzymes 

that have 6 bp recognition sites, such as Bam HI, Bgl II or Hind III.

3.3.3 The Completed Cosmid Map

Two cosmid clusters have been isolated from within the class III 

region of the HLA by chromosome walking. These have been linked together 

by PFGE to establish the gene orientation and the distances between 

these loci and other MHC markers. Together, the inserts encompass 541 kb



Table 3.2

Representation of the probe sequences within the cosmid libraries, 

Probe 1 screen 2° screen recombinants/ C

C
B

A
210H
Bf
K

J
I
H
G
F
0
N
M
TNF

2
3
1

56
64
3

12
3

15
6

12
28
5
1
3

10
10

(Mbo
(Bam

(Mbo
(Bam

(Bam

I)
HI)

I)
HI)

HI)

2
3
1

56
64
3
5
2

15
2
7

11/12
2
1
3
6
9

1.
1.
3.

35.
41.
1.
1.
6.
9.
1.
4.

16.
1.
3.
1.
3.
5.

3
9
4
9
1
9
1
7
6
3
5
5
3
4
9
9
8

C= one complexity.

With the exception of probe K3 5x 10 recombinants of the Mbo I 

library 3 and Ix 10 recombinants of the Bam HI library3 were screened
£»

For probe K3 all 1.5x 10 Mbo I library recombinants were screened.
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out of a possible maximum 563 kb from the most centromeric to the most 

telomeric endpoints. This represents about 50% of the estimated 1 to 1.1 

Mb between HLA-DR and HLA-B (Dunham et a\_^, 1987; Carroll et aj_^, 1987).

The complement and 210H genes have been mapped in 12 cosmids spanning 

140 kb. Independent analysis by restriction enzyme digestion and 

Southern blotting has confirmed the order of genes in this haplotype 

(A2, B7, DR2, C2 C, Bf S, C4A 3, C4B QO) to be the same as that 

determined by Carroll et al. (1984), allowing for the deletion of the 

210HA and C4B loci. Expansion by cosmid chromosome walking has brought 

the portion cloned from around the complement cluster to 393 kb in 46^ 

independent overlapping recombinants. From the TNF a locus, 16 clones 

encompassing 148 kb have been characterised in a second chromosome walk. 

The restriction map of the 30 kb around the TNF loci is identical with 

the published bacteriophage X clones of Nedospasov et al. (1986) for the 

enzymes Bam HI, Hind III, Kpn I and Xho I. By comparison of the data, 

the position of the TNF 8 gene has been established.

The unique sequence probes isolated during chromosome walking have 

been used with PFGE to orientate the known class III genes within the 

MHC (Dunham et al., 1987). From the centromeric side the order is DRA, 

210HB, C4A, Bf, C2, TNF a, TNF e, HLA-B, which is identical to that 

determined for the analogous genes in the murine H-2 complex (Muller et 

al., 1987b). The distances between the loci were calculated to be 350 kb 

from DRA to 210HB, 390 kb from C2 to TNF a and 250 kb from TNF 3 to 

HLA-B. In addition, PFGE has been used to show that the gap between the 

cosmid clusters cannot be greater than 22-23 kb. From the genomic 

clones, this would predict a separation of 334 kb between the C2 and TNF 

a genes. The overestimate of 55 kb with an intervening Not I fragment 

(210 kb observed against 155 kb cloned) accounts for the discrepancy 

between the figures.
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Failure to obtain a linking clone may reflect an unusual sequence 

within the uncloned region of DNA. Three different libraries, with 

genomic inserts prepared from separate restriction enzymes, were 

hybridised with probes from both sides of the gap in an attempt to 

complete the molecular map. Only one positive was detected, and this was 

not recovered on the secondary screen. Future cloning strategies which 

may allow the isolation of this region could involve the use of an in 

vitro packaging system derived from a host strain deficient in the K12 

restriction endonuclease system (Rosenberg, 1985 and 1987; Rosenberg et 

al., 1985).

The joint maps of the cosmid clusters are shown in Fig. 3.15. The 

large expanse of DNA between the known loci could encode a number of 

novel gene products. Precedents include the genes for B144 and RD (Tsuge 

et al., 1987; Levi-Strauss et al., 1988) which have recently been mapped 

to the murine MHC, and to the human and murine MHCs, respectively. 

Analysis of the cloned DNA for the presence of new genes could help to 

elucidate the molecular basis of HLA associated diseases, where the true 

genetic locus could be in linkage disequilibrium with the known MHC 

markers. Characterisation of the cosmids and genomic DNA for the 

presence of coding sequences by methods such as HTF island distribution 

and the conservation of DNA sequence between animal species is described 

in the following chapters.



CHAPTER IV
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MAPPING NOVEL TRANSCRIPTS WITHIN THE 

CLASS III REGION.

4.1 INTRODUCTION

Until recently, the only genes which were mapped to the class III 

region of the MHC were those for the complement components C2, factor B 

and C4, and the cytochrome P-450 steroid 21-hydroxylase (210H). 

Subsequently, loci for tumour necrosis factor (TNF) a and $ were found 

to lie within the MHC of man and mouse (Spies e± al^, 1986; Muller e_t 

al., 1987a; Gardner et al., 1987) and were positioned between the 

complement gene cluster and the class I region (Dunham et al., 1987; 

Carroll j2t_ ^1_._, 1987; Inoko and Trowsdale, 1987; Ragoussis £t aj_, 1988; 

Muller e_t a_l_._, 1987b).

The physical distances between the class III and the flanking class I 

and class II genes have been established from PFGE as 350 kb from DRA to 

210HB and 650 kb from C2 to HLA-B (Dunham e± a^, 1987). These distances 

are large enough to harbour a number of loci. This may be of major 

importance in understanding the relationship between the HLA region and 

human disease. Although the direct involvement of alleles of the class 

I, II or III has been implicated in some cases, for many, such as 

narcolepsy, coeliac disease and the systemic rheumatic diseases, the 

precise link has remained elusive.

Techniques which allow the detection of potential coding sequences 

include looking for the evolutionary conservation of single-copy 

sequences, and mapping of novel transcripts within cloned DNA. These 

methods have been used to describe two new products of the MHC; the RD 

gene, so called because the predicted protein has an unusual repeating 

unit (Levi-Strauss et al., 1988), and a B cell and macrophage specific
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transcript, B144 (Tsuge et aT_._, 1987). RD has been positioned adjacent 

to the factor B gene in both man and mouse, whereas B144 has been 

located 10 kb centromeric to TNF a in mouse only.

An alternative method, which combines molecular mapping of cloned DNA 

and PFGE mapping of chromosomal DNA has been used to characterise the 

cosmid clusters isolated from the class III region by chromosome 

walking. This approach involves analysing DNA for the presence of CpG 

rich sequences called HTF islands (Brown and Bird, 1986; Lindsay and 

Bird, 1987).

The major fraction of vertebrate DNA has an unusual distribution of 

C+G, with the frequency of the CpG dinucleotide reduced to 25% of that 

predicted from the base composition (Josse et al., 1961). Analysis of 

the mouse genome with the restriction enzyme Hpa II (recognition 

sequence 5'-CCGG-3') has revealed a discrete DNA fraction which 

represents 1% of the total genome, but contains 15% of all CpGs. These 

Hpa II tiny fragment (HTF) islands have several other unique 

characteristics. The total C+G content is often greater than 50%, CpG 

and GpC occur at similar frequencies, and about 80% of the sequences 

tested by Southern blotting or cot curve analysis are present at a level 

of one or very few copies per haploid genome (Bird et al., 1985). 

Furthermore, the cytosine bases are unmethylated at the 5 position of 

the pyrimidine ring, unlike the majority (60-90%) of CpGs (Cooper et 

al., 1983; Bird jrt ^L_, 1985). This appears to be true irrespective of 

the tissue of origin of the chromosomal DNA (Bird et_ aJ_L» 1985 > Kolsto 

et al., 1986), and may be related to the association of many HTF islands 

with the transcriptional start sites of housekeeping genes (Bird, 1986; 

Gardiner-Garden and Frommer, 1987). The unmethylated status could be 

important for the binding of transcription factors (Bird, 1986), as 

methylation of islands on the inactive X chromosome has been shown to
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inhibit expression of the adjacent gene (Toniolo et aj_._, 1984; Wolf et 

al., 1984a and 1984b). In addition, methylation correlates with a high 

frequency of mutation, owing to the deamination of 5-methylcytosine to 

thymidine. If the mispaired T-G is not recognised by DNA repair 

mechanisms, the original C-G is replaced by T-A (Coulondre et al_._, 1978; 

Bird e_t aV._, 1987; Cooper and Youssoufian, 1988). For example, germline 

methylation of an ancestral gene at the a-globin locus in man has been 

proposed to explain the presence of the homologous pseudogene tyal (Bird 

et ai... 1987).

The characteristic features of RTF islands, high C+G content and 

undermethylation, allow their identification with restriction enzymes 

that have methylation sensitive recognition sites and at least one CpG 

per site. Since sites for these endonucleases are infrequent in bulk 

genomic DNA, they should be preferentially located in islands, and most 

islands should contain sites for one or more of these enzymes. Analysis 

of the distribution of these sites in cloned and chromosomal DNA 

suggests that Bss HII, Eag I and Sac II are the enzymes preferentially 

located in island structures (Table 4.1) (Lindsay and Bird, 1987; Brown 

and Bird, 1986^. These three endonucleases were chosen for 

characterising the class III region of the MHC for the presence of 

putative HTF islands. By combining cloning with PFGE the precise 

endpoints of the restriction fragments observed in digests of 

chromosomal DNA were positioned on the molecular map. Flanking probes 

were hybridised to Southern blots of genomic DNA from a range of animal 

species, to look for conservation of nucleotide sequence. This was used 

as an indication of the presence of coding regions. Potential islands 

were then analysed for associated transcripts by choosing probes for 

hybridisation to Northern blots. Using these criteria, 13 new genes 

could be assigned to the region between TNF a and C4A, in addition to



Table 4.1

Frequencies of rare cutting enzymes associated with HTF islands. 

Enzyme Sequence CpG/ site % sites/ island no. sites/ island

Not I
Eag I
Sac II
Bss HII
Sma I
Nae I
Nar I
Mlu I
Pvu I
Hpa II
tiha I

GCGGCCGC
CGGCCG
CCGCGG
GCGCGC
CCCGGG
GCCGGC
GGCGCC
ACGCGT
CGATCG
CCGG
GCGC

2
2
2
2
1
1
1
2
2
1

. 1

89
74
74
74
42
42
42
27
27
21
21

0.12
1.2
1.2
1.2
1.2
1.2
1.2
0.34
0.34

11.1
11.1

From Lindsay and Bird (1987)
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confirming the location of the human RD gene, and a possible candidate 

for the homologue of the murine B144 transcript.

4.2 RESULTS

4.2.1 Mapping Rare Sites in Cloned DNA

The sites for the enzymes BssH II, Eag I and Sac II were mapped in the 

cosmid inserts from the cloned portion of the class III region. Each 

enzyme was used singly and in double digest combinations with Bam HI and 

Bgl II. Since the positions of the Bam HI and Bgl II sites were already 

established, they provided reference points from which to place the rare 

enzyme sites. Sites for Mlu I, Not I, Nru I and Pvu I had already been 

mapped by the same method (3.2.4).

A surprisingly large number of sites were found within the cloned DNA; 

at least 33 for BssH II, 43 for Eag I and 31 for Sac II. Many of these 

occurred in clusters of two or more sites within less than 1 kb (Fig 

4.1).

4.2.2 Mapping Rare Enzyme Sites in Genomic DNA

To establish which, if any, of the rare sites were cleaved at the 

level of chromosomal DNA, probes from across the cloned region were 

hybridised with Southern blots from PFGE . The blots consisted of DNA 

from the cell line used to prepare the cosmid library digested with BssH 

II, Eag I and Sac II. Successive probings of the same blots allowed the 

endpoints of the observed fragments to be positioned on the molecular 

map.



Fig. 4.1

Positions of restriction sites for infrequently cutting enzymes 

within the cloned portion of the class III region. Sites for the 

enzymes Not I (N), Nru I (Nr), Pvu I (Pv), Mlu I (Ml), Bss HII (Bs), 

Sac II (Sc^ and Eag I (E) were mapped within the cosmid clones. The 

positions of the sites are indicated by the vertical bars.
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The region containing the complement/ 210H gene cluster was found to 

have two potential islands between the factor B and C4A genes. Neither 

the complement nor 210HB loci were associated with an island (Fig. 4.2). 

This is consistent with the tissue specific expression of these genes, 

as few tissue specific loci have RTF islands.

Between C2 and TNF a 17 single sites or clusters of sites were mapped 

in the chromosomal DNA (Fig. 4.3). The region 110 to 150 kb telomeric to 

C2 contained a large number of Eag I sites. The presence of small 

fragments between these points can only be inferred by the location of 

the ends of the flanking Eag I restriction elements, as no intervening 

probe is available.

A fine-detail pulsed-field map of the cloned portion of the class III 

region was constructed from PFGE data (lan Dunham, personal 

communication) (Fig. 4.3). A comparison of the fragment sizes from PFGE 

with the cloned DNA showed a high degree of concordance for the enzymes 

used (Table 4.2). The estimated sizes for the long-range map were within 

±1-2 kb of the cloned sizes, with one exception. The Sac II fragment 

which spanned the gap between the two cosmid clusters was calculated at 

118 kb as against 114 kb from the genomic clones. The difference between 

the figures is still less than 4%, and may reflect an overestimate owing 

to the larger size of this fragment with respect to the majority of the 

digest products.

In total, 24 single sites or clusters of sites mapped in the cloned 

DNA were cleaved at the chromosomal DNA: 5 between the centromeric 

endpoint and 210HB, 2 between C4A and Bf, and 17 between C2 and TNF a. 

No sites were found to lie in the 22 kb gap (Fig. 4.4).

The B^s_HII fragments have been found to be identical in 7 other 

common haplotypes characterised by PFGE (lan Dunham, personal 

communication). This suggests that the CpG rich clusters are



Fig. 4.2

Sites for infrequently cutting enzymes in the complement/ 210H gene 

cluster. The upper panel shows the PFGE results for the enzymes Bss HIT 

(Bs) and Sac II (Sc) using probes from the complement/ 210H region. 

Results for Eag I (E) are not shown. From the data, the long-range map 

was constructed. Partial digest products are shown below the main 

digest products. All sizes are in kb.
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Table 4.2

Comparison of the sizes of fragments as estimated from PFGE and 
cosmid cloning.

Probe Bss HIT Sac II Egg I
PFGE cloned PFGE cloned PFGE cloned

J

I

H

G 
F

0

T

N 

S

M 
L

64

64

29
8

54

70

70

NA 

9

32

280

62

62

29 
7

53

70

70

3.5

8

34

32

32 
17 
(11)

118 
(136)

118 
(136)

19 
(136)

NA

9

35

32

32
19 
(11)

114 
(133)

114 
(133)

19 
(133)

4.5

8

31

ND

31

61

31

ND

64

64

28 
(35)

60

110

110

110

110

110

35

62

62

29 
(35)

59

108

108

108

108

108

35

All figures are in kb. Numbers in brackets indicate the sizes of
partial digest products observed with some probes. Where different
probes hybridise to the same fragments> they are positioned together in
the table.
NA: the fragment size was not determined by PFGE.
ND: the fragment size was not estimated from the cloned DNA.



Fig. 4.4

Summary of the sites mapped at the cloned and chromosomal levels 

between 210HB and TNF a. The positions of the sites for Bss HII (Bs), 

Eag I (E), Not I (N) and Sac II (Sc) are shown by the vertical bars. 

Islands 1 to 14 are indicated by the vertical arrow heads, and the 

probes used to define the chromosomal fragments are shown as solid 

boxes.
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representative of true HTF island structures, since they are conserved 

in other cell lines.

4.2.3 Characterisation of Islands for Novel Transcripts

To characterise potential HTF islands for novel transcripts, adjacent 

unique DNA sequences were analysed by hybridisation to animal blots and 

Northern blots as described below. All of the probes, with the exception 

of probe H, gave hybridisation patterns consistent with single copy 

elements. Once the positions of the islands and conserved sequence 

probes were established, Northern blot analysis was used to confirm 

whether mRNA species could be assigned to the putative loci, 

(a) conservation of probes

Unique sequence genomic probes were tested on Southern blots of Bam HI 

digested DNA from man, mouse, cat, sheep and shark. Coding sequences 

ought to be more highly conserved than non-coding, and cross-hybridise 

between related species (Monaco e_t aj_._, 1986). Most of the walking 

probes and other genomic probes associated with HTF-islands were found 

to detect restriction fragments in the mammalian species under high 

stringency conditions (washing at 65°C, O.lx SSC). Those unique 

sequences which did not failed to detect transcripts on subsequent 

Northern blot analysis, for example probe E, which is 8.3 kb from the 

Not I site characterised by probe X 1 (Fig. 4.4).

An example of an animal blot is shown in Fig. 4.5. The 1.6 kb Kpn I 

fragment, probe I, is situated 66 kb telomeric to the C2 gene. It is 

located 0.6 kb from a cluster of 3 Sac II sites, at least one of which 

is known to cleave in chromosomal DNA. Probe I hybridises to a 6.8 kb 

fragment in the human track, which is equivalent to the 6.8 kb fragment 

in the cloned DNA. In addition, it detects fragments at 6.5, 3.5 and 18,



Fig. 4.5

Southern blot of DNA from man, mouse, cat, sheep, and shark, 

hybridised with probe I. Fragments are seen in all the mammalian 

species, but not in shark.
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and 9.5 kb, in the mouse, cat and sheep, respectively, but not in the 

more distantly related shark. The Northern blot analysis of probe I (see 

below) shows that it is associated with a 1.9 kb RNA transcript, G9. 

(b) Northern blot analysis

HTF islands between 210H and TNF a were studied in more detail to 

establish whether they were associated with novel transcripts. Unique 

sequences from within 0-15 kb of the clusters of enzyme sites were 

hybridised to Northern blots. Total RNA species were obtained from U937, 

PMA stimulated U937, HepG2, Molt 4, and either Daudi or Raji cell lines; 

these represented monocyte, macrophage, liver, T lymphocyte and B 

lymphocyte lineages, respectively. All but one of the islands and two 

single sites were investigated; these could not be characterised as no 

suitable probes were available. Where possible, both 3' and 5' probes 

were taken for island analysis, and at least one of the two was found to 

detect a transcript (table 4.3).

The probes used in the analyses were shown to be unique by 

hybridisation to Southern blots of Bam HI and Bgl II digests of human 

genomic DNA, with the exception of probe X, and the 0.7 kb Bgl II 

fragment associated with G6 and G8, respectively. These were found to 

contain some repetitive elements which produced an intense background 

smear, above which restriction fragments of the correct size were just 

visible (Fig. 4.6A). The repetitive DNA was competed out of the 

radiolabelled probe prior to hybridisation by reannealing with total 

genomic DNA (2.7.3). This proved to be an effective method to reduce the 

background, and allowed detection of specific bands in both Southern and 

Northern blot analysis (Fig. 4.6B, and Fig. 4.8).

The messenger species ranged from 0.6 to 6 kb in size, and represent 

the products of 11 putative loci. Most of the transcripts were expressed 

in all of the cell lines, as predicted from previous studies of HTF



Table 4.3

Probes used to analyse HTF islands for the presence of associated 
transcripts.

Island Probe Distance (kb) Transcript Designation

1

2

3

4

5

6

7

8; 9

10

11

12

13

14

M 
S 
N

V 
T

T 
0

0 
P

Xl

F

N.D.

H

W

I

M/X

H/K

1.7 BamHI
Sal I 
D3

from island

3.2
0.1 
15.0

9.5 
6.0

0.4 
3.5

0.3 
13.7

contains I

3.0

0.3

2.5

0.6

. 0.3

0.3

2.1 
contains I 
6.0

± size (kb)

+ 0.6 
+ 6.0 
+ • 6.0

+ 3.8 
+ 2.5

+ 2.5 
+ 1.7

+ 1.7

+ 1.4/1.5

+ 3.0

N.D.

+ 1.0

+ 1.9

+ 2.6

+ 1.5

+ 1.4 
+ 1.4

Gl 
G2 
G2

G3 
G4

G4 
G5

G5

G6

G7

ESP

G8

G9

G10

RD

Gil 
Gil

N.D.= not determined in this study



Fig. 4.6

Removal of repetitive sequences by reassociation with total genomic 

DNA. Part A shows probe X 1 hybridised to a genomic Southern blot of 

human DNA digested with Bam HI (M), Bgl II (B) and Hind III (H). Part B 

shows the same experiment following removal of repetitive sequences 

from the probe by reassociation with total genomic ONA (final 

concentration 10 ug/ ml of hybridisation solution).
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island distribution. One exception was the message associated with G2. 

This 0.6 kb RNA was detected only in T cells, monocytes and macrophages. 

A summary of the transcripts and their tissue distribution is shown in 

table 4.4.

£1: the Gl transcript is 0.6 kb in size. It is expressed in U937, PMA+ 

U937, and Molt 4 cell lines, but not in HepG2 or Raji. The mRNA was 

detected with a 0.45 kb Bam HI/ Hind III fragment (probe M) 3.2 kb 

telomeric to island 1 (Fig. 4.7). As the orientation and size of the 

gene is unknown, Gl is not conclusively shown to be an example of a 

tissue specific HTF-island associated transcript.

G2: the G2 transcript is 6 kb in size, and has been detected in all five 

cell lines used in Northern blot analysis. The mRNA hybridises with a 

1.3 kb Bam HI/ Bgl II fragment (probe N), 15 kb centromeric to island 1 

(Fig. 4.7). In addition, a 1.1 kb Kpn I fragment (probe S) adjacent to 

the rare enzyme sites hybridises weakly to a mRNA of the same size, and 

probably represents the 5' end of the gene.

G3: the G3 transcript is 3.8 kb in size, and is expressed in all five 

cell lines used in Northern blot analysis. The reduced intensisty of the 

message in the Daudi cell line may reflect a real difference in the 

level of expression, as there is not a significant decrease in the 

intensity of the 28S band with respect to the Molt 4 lane. Reprobing of 

the same blot also suggests that the amount of RNA per track is similar 

between these cell lines. The mRNA is detected with a 2.4 kb Bam HI 

fragment (probe V) 9.5 kb telomeric to island 2 (Fig. 4.7). 

G4: the G4 transcript is 2.5 kb in size, and is expressed in all the 

cell lines used in Northern blot analysis. The increased intensity in 

the PMA+ U937 lane suggests that expression of this mRNA may be enhanced 

by the stimulation of the tissue culture cells. The mRNA is detected by



Table 4.4

Distribution of transcripts mapped within the cloned portion of the class
III region of the human MHC. The five cell lines were analysed by Northern
blot analysis, and are scored for expression (+) of the mRNA species.

Gene Transcript (kb) Mo Ma T B H

TNF 1.1 - - + + -
TNF 1.1 - + _ _ _
B144 0.8 + + + - -
Gl 0.6 + + - + -
G2 6.0 + + + + +
G3 3.8 + + + + +
G4 2.5 + + + + +
G5 1.7 + + + + ' +
G6 1.4, 1.5 + + + + +
G7 3.0 + + + + +
HSP 70-1 2.4 N.D
ESP 70-2 N.D. N.D.
G8 1.0 + + +•+ +
G9 1.9 + + + + +
G10 2.6 + + + + + •
C2 2.9 - - - - +
Factor B 2.6 ____./.
RD 1.5 + + + + +
Gil 1.4 + + + + +
C4A 5.5 - - - - +
210HB 2.2 *

Mo= monocyte T= T ̂ lymphocyte 
Ma= macrophage H= HepG2 
B= B lymphocyte

N.D.= the expression of this transcript has not been determined in
this study. 

* = expressed in adrenal gland.



Fig. 4.7

Northern blot analysis of island associated probes from the TNF 

cosmid cluster. The photograph shows a panel of blots hybridised with a 

series of probes from across the cloned region. The RNA samples are 

derived from U937 (1), PMA stimulated U937 (2), HepG2 (3), Molt 4 (4) 

and Daudi or Raji (5) cell lines. The approximate positions of the 

genes, based upon transcript sizes and identifying probes, are shown 

below.
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a 0.8 kb Bgl II fragment (probe T) 0.4 kb telomeric to island 3 (Fig. 

4.7).

G5: the G5 transcript is 1.7 kb in size, and is expressed in all the 

cell lines used in Northern blot analysis. The mRNA is detected by a 0.6 

kb Bgl II fragment (probe 0) 0.3 kb telomeric to island 4 (Fig. 4.7). 

G6_: the G6 transcripts are 1.4 and 1.5 kb in size in U937, PMA+ U937, 

HepG2 and Molt 4, but 1.4 and 1.45 kb in Raji. The mRNA species are 

detected by a 2.4 kb Hind III fragment (probe X.,) which spans the Not I 

site, and contains at least part of the island structure (Fig. 4.8). The 

transcripts may be the products of alternative splicing, or of two loci, 

perhaps arranged 5' to 5', as in the murine surfeit locus (Williams et 

a!., 1988). The slightly smaller mRNA in the Raji track could be a cell 

specific derivative of one of these putative products associated with 

the Not I island.

G7: the G7 transcript is 3.0 kb in size, and is expressed in all of the 

cell lines used in Northern blot analysis. The mRNA is detected with a 

1.3 kb Bgl II fragment (probe F) located 3.0 kb centromeric to island 6 

(Fig. 4.8).

H, and H,,: No Northern blot analysis was carried out for islands 8 and 

9, as the associated probe (H) was found to be derived from a member of 

the HSP 70 family. (See chapter VI.)

G8: the G8 transcript is 1.0 kb in size. It is expressed strongly in 

U937, PMA+ U937, HepG2 and Raji cell lines, but only weakly in Molt 4. 

This probably reflects a real difference in the level of expression, as 

probing of the same blot with another genomic fragment suggests that the 

quantity of RNA per track is similar. The mRNA is detected by a 0.7 kb 

Bgl II fragment (probe W) 2.5 kb centromeric to island 10 (Fig. 4.8). 

G9: the G9 transcript is 1.9 kb in size, and is expressed in all of the 

cell lines used in Northern blot analysis. It is detected by a 1.6 kb



Fig. 4.8

Northern blot analysis of island associated probes from the 

complement/ 210H cosmid cluster. The photograph shows a panel of blots 

hybridised with a series of probes from across the cloned region. The 

RNA samples are derived from U937 (1), PMA stimulated U937 (2), HepG2 

(3), Molt 4 (4) and Daudi or Raji (5) cell lines. The approximate 

positions of the genes, based upon transcript sizes and identifying 

probes, are shown below.
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K£n I fragment (probe I) located 0.6 kb telomeric to island 11 (Fig. 

4.8).

G10: the G10 transcript is 2.6 kb in size, and is expressed in all of 

the cell lines used in Northern blot analysis. It is detected by a 1.3 

kb Bam HI/ Xho I fragment (probe M/X) which is just 3' of island 12 

(Fig. 4.8).

RID: the RD transcript is 1.5 kb in size, and is expressed in all of the 

cell lines used in Northern blot analysis. It is detected by a 1.2 kb 

Hind II/ Kpn I fragment (probe H/K) located 0.3 kb telomeric to island 

13 (Fig. 4.8)

Gil: the Gil transcript is 1.4 kb in size, and is expressed in all of 

the cell lines used in Northern blot analysis. It is detected by a 0.5 

kb Nhe I/ Bst El I fragment (probe 03) located 6.0 kb centromeric to 

island 14 (Fig. 4.8), and is one of two novel transcripts to be mapped 

to the 30 kb between the factor B and C4 loci (chapter V).

A summary of the transcripts positioned between 210H and TNF a is 

given in Fig. 4.9.

4.2.4 Possible Identification of the Human Equivalent of the Mouse B144 

Transcript

The B144 gene has been positioned approximately 10 kb centromeric to 

the TNF a locus in mouse (Tsuge et_ a]_._, 1987). The mRNA is an 800 bp 

transcript expressed only in B cells and macrophages; no protein product 

has been identified. In man, a region of unique DMA sequence is located 

7 to 11 kb centromeric to TNF a. If man and mouse share a similar 

arrangement of loci, this may be the human analogue of the B144 gene.

A 1.4 kb Bam HI fragment, probe L, was chosen for hybridisation with a 

Southern blot of Bam HI digested chromosomal DNA from man, mouse, cat,
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sheep and shark. Following washing at high stringency (65°C, O.lx SSC) 

and autoradiography, the DNA sequence of L was found to be sufficiently 

conserved to allow cross-hybridisation to the other mammalian species, 

but not to shark (not shown). Conservation of nucleic acid sequence is 

believed to be diagnostic of coding regions of the genome (Monaco et 

a!., 1986). Therefore, probe L was used in Northern blot analysis with 

RNA isolated from U937, PMA stimulated U937, HepG2, Molt 4, and Raji 

cell lines. The fragment detected transcripts in the U937 and PMA+ U937; 

it hybridised faintly with RNA from the Raji cell line. No message was 

seen in HepG2 or Molt 4 (Fig. 4.8). The RNA was estimated at 800 bp in 

length, which is consistent with B144. The reduced intensity of the 

message in the Raji track may reflect a cell line specific difference in 

the level of transcription. In the absence of confirmatory sequence 

data, the evidence suggests that L may be derived from the human 

equivalent of the B144 gene.

Although a single Eag I site which cleaves in chromosomal DNA has been 

mapped 3 kb 3' to TNF a, it is not clear how this is related to B144. 

Therefore, it is possible that B144 is an example of a tissue specific 

gene which is island associated.

4.3 DISCUSSION

The large number of sites for the rare enzymes BssH II, Eag I and Sac 

II appears to reflect an overall C+G rich character of the MHC. 

Comparison of the observed frequencies of sites with those estimated by 

Drmanac et al. (1986) shows that Not I, BssH II, Sac II and Eag I are 

upto 11 times more common than expected. In contrast, Pvu I, Nru I and 

Mlu I (all of which contain A and T in addition to C and G in their 

recognition sites) occur close to or below the expected frequency (Table



no

4.5). A study of the distribution of rare restriction sites in randomly 

isolated cosmids from chromosome 3 (Smith et a}_._, 1987) has shown that 

high frequencies are observed in other regions of the genome. As these 

cosmids all hybridised to Alu repeats, this may be related to the 

distribution of genes within C+G rich isochores (see below).

Similarly, the percentage of these sites which have been shown to be 

island associated is much lower than that predicted by Lindsay and Bird 

(1987). Both Bss HII and Sac II occur below the expected 74%, at 45.5% 

and 61.3%, respectively, but the most dramatic difference is seen with 

Eag I, where only 27.9% of the sites in this study were island 

associated. Full details are given in tables 4.6a,b.

The region between the TNF a locus and 210HB encompasses approximately 

420 kb. In total, 13 new transcripts have been defined on the basis of 

the presence of HTF islands in genomic DNA, and the conservation of DNA 

sequence between animal species. They range from 0.6 to 6 kb in size: a 

summary of the distribution of the putative loci is shown in Fig. 4.8, 

and the probes used to detect the transcripts are described in table 

4.3. All but one of these island associated transcripts are expressed in 

every cell line investigated by Northern blot analysis. The exception, 

G2, appears to be present only in monocyte, macrophage and T cell lines.

Probe X, is associated with two transcripts on Northern blot analysis. 

As X, contains an island structure, this could reflect either 

alternatively spliced mRNA species from the same gene, or two loci in a 

5' to 5' arrangement. Flanking probes did not clarify the situation, so 

only one putative locus (G6) has been included in the molecular map.

The nature of the duplicated probe, H, which allowed identification of 

the HSP 70 loci is described in chapter VI.

The approach described is biassed towards the identification of such 

ubiquitous messages, since the distribution of HTF islands reveals a



Table 4.5

Enyzme Sequence N_ F(kb) E(kb) E/F

Not I GC'GGCCGC 2 270.5 3000 11.09
Nru I TCG'CGA 3 180.3 100.5 0.56
Pvu_ I CGAT'CG 3 180.3 126.5 0.69
Mlu I A'CGCGT 8 67.6 132.0 1.95
Bss_HII . G'CGCGC 33 16.4 189.0 11.52
Eag I C'GGCCG 43 12.6 148.5 11.79
Sac II CCGC'GG 31 17.5 149.0 8.51

N= no. sites which can be mapped in cloned DNA on the basis of
restriction digests: frequencies may be higher, as small fragments 
(0.4 kb or less) 3 or overlapping recognition sequences identified in 
sequenced DNA are not included.

F= 541/N3 where 541 kb = total cloned DNA. F is the average distance 
between sites.

E= the expected average distance between sites (Drmanac et al. 3 1986)

Table 4.6a The complete region cloned

QEnuzme N

Not I 2 2 100 100 89 0.89
Nru I 3 1 33.3 0
Pvu I 32 66.6 66.6 27 0.41
Mlu I 8 3 37.5 25.0 27 1.08
Bss_ HII 33 15 45.5 45.5 74 1.65
Eag I 43 13 30.2 27.9 74 2.65
Sac II 31 19 61.3 61.3 74 1.21

Table 4.6b 210H to TNF 

Enyzme j

Not I 2 2 100 100 89 0.89
Nru I 2 1 50 0
Pvu I 32 66.6 66.6 27 0.41
Mlu I 6 2 33.3 33.3 27 0.81
Bss_ HII 28 11 39.2 39.2 74 1.89
Eag I 36 8 22.2 19.4 74 3.81
Sac II 25 14 56.0 52.0 74 1.42

N_= no. sites in cloned DNA 
= no, sites in genomic DNA 
= RTF island associated: the island is defined as a cluster of sites

known to cut within genomic DNA. Single sites3 unless shown to be
transcript associated are not included. 

= expected frequency for island association: no figures are available
for Nru I (after Lindsay and Bird, 1987).
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predisposition towards association with housekeeping genes 

(Gardiner-Garden and Frommer, 1987; Bird, 1986). In addition, the 

ability to map islands and look for transcripts depends upon finding 

unique sequences within the cloned DNA. For example, one potential 

island (7) was not characterised by Northern blotting because suitable 

probes were not isolated from the cosmid inserts.

Studies of chromosome structure by staining with Geimsa or quinicrine 

have shown that G/Q bands correspond to regions which are A+T rich, 

whereas the Geimsa light, or R, bands correspond to regions which are 

C+G rich. Furthermore, the replication times of these bands are 

differentially controlled during the S phase of the cell cycle. The R 

bands are replicated early, whereas the Geimsa-dark bands are replicated 

late (Comings, 1978; Goldman et al. ,1984). Analyses of the distribution 

of genes within early or late replicating bands, and within C+G or A+T 

rich isochores separated by caesium chloride density gradient 

centrifugation, have concluded that most housekeeping genes are encoded 

in early replicating (C+G rich) DNA (Goldman e^t aJL^, 1984; Bernard! et 

al., 1985). The distribution of specific repeat elements within the 

genome seems to correlate with the observed banding patterns: Alu (56% 

C+G) follows R banding, and LI (58% A+T) follows G/Q banding (Korenberg 

and Ryowski; 1988). This has led to the proposal that such repeat 

elements may have a normal role in DNA replication. The Alu family may 

also be involved in DNA exchange, creating hot spots for crossing-over 

between chromosomes, or allowing illegitimate recombinations that result 

in the deletion or insertion of genetic material. Detailed analysis of 

chromosomes carrying mutations in the a and B globin gene clusters has 

established that the majority of breakpoints occur within Alu repeats 

(Henthorn e£ al^, 1986; Nicholls et_ aj^, 1987). As the p21 band of 

chromosome 6 is an R band these findings may have important consequences
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in understanding the structure of the MHC. Firstly, there are 

implications with respect to the class II region gene duplications or 

deletions within extended haplotypes, and to the evolution of the MHC 

from a set of ancestral loci. Secondly, the prediction that most early 

replicating genes encode proteins which are universally expressed is 

consistent with:

(a) the high frequency of HTF islands within the class III region,

(b) the ubiquitous expression of the majority of HTF island 

associated transcripts within the cell lines studied,

(c) an essentially stable background to the class III region in which 

large scale chromosomal rearrangements would be deleterious.

The latter point appears to be confirmed by fine-detail PFGE mapping 

of the class III region in different extended haplotypes, where the only 

variation in the DNA content can be attributed to the number of C4 and 

210H loci present (lan Ounham, personal communication).

Between 210HB and TNF a there are a total of 20 loci; 11 of unknown 

function which are described here (G1-G11), RD, B144, two HSP 70 genes, 

C2, factor B, C4A, 210HB and TNF a. This represents a gene density of 1 

every 21 kb. For an estimated 20,000 to 50,000 genes per haploid genome, 

the expected average is I/ 150kb to I/ 60 kb. However, there may be 

significant variations in different regions of the genome.

No tissue specific gene previously described within the class III 

region (210H, C4, Bf, C2) is found close to an island, although computer 

analysis suggests that class II loci may be preceded by C+G rich tracts 

(Tykocinski and Max, 1984). If other tissue specific genes map within 

the cloned region of the class III, then the observed gene density is an 

underestimate. To establish the true gene density, other techniques 

could be used in conjunction with island mapping. One approach, which 

was used to identify the putative human B144 gene, is to test unique
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probes by hybridising to Southern blots of DNA from a range of animal 

species. Conservation of sequence could then be taken as a criterion for 

defining a putative coding region. This would fail to identify genes 

which were unique to man, or did not share enough homology to 

cross-hybridise under the stringent conditions described here. Again, 

this depends upon the ease with which new probes can be isolated from 

the genomic DNA. An alternative method is hybridisation of whole cosmids 

to Northern blots. Repetitive sequences can be removed by re-association 

with total genomic DNA prior to the addition of the probe to the 

hybridisation buffer. This technique has already proven sucessful with 

the genomic fragment X 1 (Fig. 4.6). Whichever method is chosen a large 

panel of RNA samples must be screened to ensure that no tissue specific 

transcript is overlooked. Tissue specific genes can also be mapped by 

hybridising cDNAs back onto blots of cosmid DNA. This has been used to 

locate the position of the B144 gene in the murine MHC (Tsuge et al., 

1987), and, albeit with an oligonucleotide rather than a transcript, to 

define the HSP 70 loci in the human MHC (see chapter VI).

The next step towards determining whether there is an association 

between the novel loci and HLA linked diseases is the identification of 

the potential products. The functions of housekeeping proteins, 

especially those which may be important for maintaining the structural 

integrity of the cell, could be just as significant in understanding the 

pathogenesis of disease as the antigen presenting functions of class I 

and II molecules. In this respect, the roles of the HSP 70 family 

members in protein folding, protecting nuclear morphology under 

conditions of stress,and as potent immunogens are discussed in chapter 

VI. In contrast, another transcript mapping 5' to C4 (Gil) has been 

sequenced, but no homologies have been found between its putative 

product and other proteins in the EMBL database (chapter V).



CHAPTER V
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ANALYSIS OF AN RTF ISLAND ASSOCIATED GENE: Gil

5.1 INTRODUCTION

Two HTF island structures were mapped within the 30 kb gap between the 

genes for factor B and C4A (see chapter IV). One of these, island 13, is 

situated 7 kb 3' to factor B, and is probably associated with the RD 

gene, which has been positioned adjacent to the factor B loci in both 

man and mouse (Levi-Strauss et al^, 1988). The second island, 14, is 9.5 

kb 5' to the C4A locus. Unique region probes were isolated from both 

sides of the cluster of rare sites and used to define an associated 

transcript of M..4 kb which was expressed in all five cell lines 

investigated. Subsequent isolation of cDNA clones from a PMA stimulated 

U937 library have allowed the nucleotide sequence of the mRNA species to 

be determined. Alternative splicing appears to produce two.different 

transcripts from the same gene. This may be of importance in the 

regulation of expression of the putative product, or could result in two 

different peptides from alternative open reading frames.

5.2 RESULTS

5.2.1 Analysis of the HTF Island

Two HTF islands were mapped to the region between the factor B and 

C4A genes by comparison of restriction data from PFGE with the rare 

enzyme sites positioned within the cosmid clones (chapter IV). One of 

these, 7 kb 3' to the factor B gene is probably associated with the RD 

gene. The second, 9.5 kb 5' to the C4A gene, was further investigated 

using unique probes from both sides of the island structure. One
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probe,from a 5 kb subclone spanning the region from the Sal I site in 

the cloned DNA to the end of the 0.8 kb Bam HI fragment, encompasses 

part of the island. The second probe, 03, a 0.5 kb Nhe I/ Bst EII 

genomic fragment, maps 1 kb telomeric to C4A (Fig. 5.1). Both of these 

probes were hybridised with Southern blots of Bam HI and Bgl II digested 

genomic DNA from man, Rhesus monkey, mouse, rat, cat, rabbit, sheep, 

chicken and shark. Cross-hybridisation to all the mammalian species, 

possibly to chicken, but not to shark, was observed with both probes. 

The results of the digests are shown in Fig. 5.2, and illustrate a high 

degree of homology in the size of the fragments detected by the Sal I 

probe between man and monkey. In addition, the probes appear to 

cross-hybridise to common fragments in the samples from cat and mouse, 

and could be linked in these species. This suggested that there was a 

conserved sequence between the factor B and C4 loci, which could 

correspond to a novel gene.

The probes were used to search for an associated transcript by 

Northern blot analysis. The panel of total RNA species was prepared from 

U937, PMA stimulated U937, HepG2, Molt 4, and Daudi cell lines. Probe 03 

detected a transcript of vl.4 kb. The Sal I probe hybridised weakly to 

the same transcript, but a 1.7 kb Bam HI fragment, derived from the 

middle of the Sal I probe, did not. The transcript, designated Gil, was 

expressed in all the cell lines analysed (Fig. 5.3).

The results suggested that the novel gene lay between the cluster of 

rare sites and the C4A locus, rather than between the two islands. The 

Sal I probe probably contains only a fraction of the 5' end of the 

transcript, which explains the weakly hybridising band observed on the 

Northern blot.



Fig. 5.1

The region between the factor B and C4A genes. The restriction 

sites for the enzymes Bam HI (M), Bgl II (B), Sal I (S), Bss HII 

(Bs), Eag I (E) ans Sac II (Sc) are shown by the vertical bars. The 

sites which characterise islands 13 and 14, and cleave at the 

chromosomal level, are also marked. The open boxes indicate the 

positions of the known genes, and the transcriptional orientations 

are shown by the horizontal arrows. The solid boxes indicate the 

positions of the probes used to define the Gil transcript. The 

horizontal bar (»—») shows the limits of the 1.7 kb Bam HI probe 

derived from the Sal I probe.
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Fig. 5.2

Southern blots of genomic DNA from various animal species 

hybridised with probe Sal I (A) and probe 03 (B). Lanes contain samples 

from man (1), Rhesus monkey (2), mouse (3), hamster (4), cat (5^, 

rabbit (6), sheep (7), chicken (8) and shark (9), digested with either 

Bam HI, or Bgl II. Common cross-hybridising fragments are observed in 

the mouse and cat, suggesting that the probes could be linked in these 

species.
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Fig. 5.3

Hybridisation of probe 03 to a Northern blot of total RNA species 

isolated from U937 (1), PMA stimulated U937 (2^, HepG2 (3), Molt 4 (4) 

and Daudi (5) cell lines. In all cases, a transcript of about 1.4 kb is 

visible.
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5.2.2 Isolation of cDNA Clones

Probe 03 was used to screen an amplified cDNA library (a gift from 

S-K. A. Law) prepared from PMA stimulated U937 RNA and cloned into the 

Pvu II site of pATX. A total of 2.5x 105 colonies were screened, and 

four positives were isolated. These were mapped with the restriction 

enzymes Asp 718, Bam HI, Bst EII, Cla I, Nco I, Nhe I, Sma I, Sst I, Stu 

I and Xho I in single and double digest combinations (Fig. 5.4). Minigel 

analysis of the digests suggested that the positives represented two 

copies of each of two independent recombinants. One clone contained an 

insert of vL.2 kb (cDNA 2.1) and the other was vl.3 kb (cDNA 2.2). The 

larger cDNA differed from the smaller by the presence of internal Asp 

718, Bam HI and Sma I sites, clustered at one end of the insert. In all 

other respects, the restriction maps appeared to be identical (Fig. 

5.4).

5.2.3 Sequencing the cDNA inserts

Both the cDNA clones were subcloned into M13mp8 for sequencing by the 

dideoxy chain termination method. The sequencing strategy is shown in 

Fig. 5.5. Internal fragments from cDNA 2.1 were prepared from Nco I and 

Nhe I single and double digests. The ends were isolated using Nco I/ C1_a 

I and Bst EII/ Xho I digests. Both strands of the fragments were 

sequenced. The restriction sites were overlapped using Msp I and Hinf I 

digests, once the basic sequence was available. cDNA 2.2 was subcloned 

and sequenced using a similar strategy (Fig. 5.5). For each cDNA, 100% 

of the nucleotide sequence was obtained for the 5' to 3' orientation, 

and ^93% for the 3' to 5' orientation.
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Fig 5.5

Sequencing strategy for cDNA 2.1 (A) and cDNA 2.2 (B). Restriction 

sites for Bst EII, (Bst), Kpn I (K), Hinf I (Hf), Nco I (Nc), Nhe I 

(Nh), Msp I (Ms), Bam HI (M), Cla. I (C) and Xho I (X) are shown. The 

extent of the sequence obtained in each orientation is shown by the 

horizontal arrow.
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Comparison of the completed sequences revealed three differences 

between the clones (Fig. 5.6):

(1) cDNA 2.1 was 1137 nucleotides long, followed by 18 bases of the 

poly (A) tail, whereas cDNA 2.2 was 1225 nucloetides long, 

followed by 5 bases of the poly (A) tail,

(2) at the 5' end the sequences were identical for 200 bp 5'

from the first Nco I site after which they diverged completely,

(3) the 240 bp Nco I/ Nhe I fragment from cDNA 2.2 contained an extra 

GpT dinucleotide at nucleotide positions 398 and 399 that was 

absent in cDNA 2.1.

Either, or both, of (2) and (3) could have arisen as cloning artifacts. 

Before analysing the cDNA sequences for open reading frames, the origins 

of the differences were clarified by investigating the appropriate 

genomic sequences. Subclones containing the 5' end of the gene for Gil, 

and that part of the gene containing the GpT dinucleotide difference 

were obtained from cos2y, as described in 5.2.4.

5.2.4 Analysis of the Genomic Sequences

The insert from cos2y is 42 kb in length, and spans the region from 

the 5' end of the factor B gene to the first 5 kb of the C4A gene. The 

cosmid ONA was digested with Bam HI, and a 9.5 kb fragment covering the 

region from island 14 to the 5' end of the C4A locus was subcloned into 

pATX. Similarly, an Sst I digest was blotted and probed with the cDNA. 

Fragments of 3.3 kb and 2.6 kb were found to hybridise to the cONA 

insert. These were recovered from agarose preparative gels (2.5.6) and 

ligated into pUC18.

The Bam HI and Sst I subclone inserts were mapped with a series of 

enzymes (Fig. 5.7). The digests were separated on agarose minigels,
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Schematic representation of the differences between cDNA 2.1 and 

cDNA 2.2. The 5' ends are shown as shaded boxes, and the poly (A) 

tails as solid boxes. The position of the extra GpT dinucleotide 

within the 240 bp Nhe I/ Nco I fragment of cDNA 2.2 is marked. 

Sites are shown for the enzymes Bam HI (M), Cla I (C), Nco I (Nc), 

Nhe I (Nh) and Xho I (X).
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Mapping transcript Gil at the genomic level. Cos2y spans the region 

from the 5 1 end of the factor B gene to 5 kb into the C4 gene. The 

extent of the insert with its Bam HI restriction sites is shown in 

A. The positions of the genes are indicated by open boxes, and the 

transcriptional orientations by horizontal arrows. The Bam HI and 

Sst I subclones (B and C) were mapped with Bam HI (M), Ace I (A), 

Nco I (Nc), Nhe I (Nh), Kpn I (K), Sst I (Ss) and Stu I (St). The 

limits of Gil (D) were determined from hybridisation experiments, 

and suggest the presence of a large intron (shaded). 

* Ken I is the isoschizimer of Asp 718.
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Southern blotted, and hybridised either to the full length cDNA 2.1, or 

to a 280 bp Cla I/ Nco I fragment representing the 5' end of the cDNA 

insert. The Cla I/ Nco I probe detected both the 3.3 kb Sst I fragment, 

which came from the 5' end of the gene and encompassed part of the Sal I 

probe, and the 2.7 kb Sst I fragment. From the genomic map, this was 

known to lie 1.7 kb from the 5' end of the C4A gene (Fig. 5.7). 

Therefore, a large intron of at least 4 kb must be present in the 5' end 

of Gil. The bulk of the coding sequence appeared to lie within a region 

4 kb 5' to the C4A locus, suggesting a total gene size of 9-10 kb (Fig 

5.7).

The 5' end of the genomic sequence was investigated by sequencing 750 

bp Bam HI/ Asp 718 and 250 bp Asp 718/ Stu I fragments from the 3.3 kb 

Sst I subclone (Fig. 5.8). Both orientations of the fragments were 

obtained.

The nucleotide sequence was found to overlap the inserts from both 

cDNAs. The 5' end of cDNA 2.1 was found to consist of 66 bp from a 109 

bp intron that had been spliced out of cDNA 2.2. Comparison of the 

genomic sequence with the longest open reading frame of cDNA 2.2 also 

showed that, in the absence of further introns, the codon at position 53 

of the insert encoded the first in-phase methionine.

The internal GpT difference was defined by subcloning fragments of 

200, 500 and 800 bp from Nco I and Nco I/ Nhe I digests of the 2.7 kb 

Sst I subclone (Fig. 5.8). It was shown to arise from alternative 

splicing at a 5' exon/ intron boundary with two possible donor splice 

sequences.

The exact position of the 3' end of the gene was established by 

sequencing ^850 bp from the Bam HI site at the 5' end of the C4A gene. 

Nco I and Ace I/ Bam HI fragments of ^600 and ^300 bp, were subcloned 

from the 9.5 kb Bam HI fragment (Fig. 5.8). These were sequenced in both
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orientations, and compared with the previous data for the region 5 1 to 

the C4A locus (Belt, 1985). The poly (A) addition site for the Gil 

transcript was found to lie only 613 bp upstream of the C4A mRNA cap 

site.

5.2.5 Analysis of the DNA Sequence

The cDNA sequences were analysed for open reading frames using the 

ANALYSEQ program. Putative polypeptides were then compared against known 

proteins in the NBRF and EMBL databases. No match at either the 

nucleotide or protein level was found.

cDNA 2.2 The complete sequence of cDNA 2.2 is 1230 nucleotides, 

including 5 bases of the poly (A) tail (Fig. 5.9). The longest open 

reading frame starts with an initiating methionine codon at position 53, 

and ends with a TGA stop codon at position 827. Thus, the 5' 

untranslated region is at least 52 bp in length, and the 3' untranslated 

region is 398 bp long. A polyadenylation signal, 5'-AATAAA-3', occurs at 

position 1205, 15 bases upstream of the poly (A) tail. Assuming an 

average poly (A) tail of 100-150 bp, the total length of the cONA would 

be 1330-1380 bp, which is very close to the estimated size of 1.4 kb 

from the Northern blot analysis. Owing to the low relative abundance of 

the mRNA in total RNA, primer extension experiments failed to detect a 

product. Therefore, the precise position of the cap site has not yet 

been determined.

Comparison of the cDNA with the genomic sequence which overlaps the 5' 

end of cDNA 2.2 does not reveal further in-phase methionines. Although 

another 10 methionine codons occur within the genomic sequence, three of 

these are followed by stop codons (2 to 8 codons downstream). None of 

the methionines is associated with a putative hydrophobic leader



Fig. 5.9

The complete nucleotide sequence of cDNA 2.2. The positions of the 

nucleotides are marked below the sequence. The longest open reading 

frame is shown, with the amino acid residues encoded by the cDNA shown 

using the standard single letter code. The positions of the amino acid 

residues are numbered above the sequence. * marks the position of the 

stop codon.



M S W
GTTCTCTTCCCTCCATTCCTACCCCTTCCCCGGTACCATAAAATCCCGGGATATGAGCTG 

10 20 30 40 50 60

10 20 
KRHHLIPETFGVKRRRKRGP

GAAGAGGCATCACCTGATCCCGGAGACCTTTGGAGTTAAGAGGCGGCGGAAGCGAGGGCC 
70 80 90 100 110 120

30 40
VESDPLRGEPGSARAAVSEL 

TGTGGAGTCGGATCCTCTTCGGGGTGAGCCAGGGTCGGCGCGCGCGGCTGTCTCAGAACT
130 140 150 160 170 180

50 60 
MQLFPRGLFEDALPPIVLRS

CATGCAGCTGTTCCCGCGAGGCCTGTTTGAGGACGCGCTGCCGCCCATCGTGCTGAGGAG 
190 200 210 220 230 240

70 ' 80
QVYSLVPDRTVADRQLKELQ

CCAGGTGTACAGCCTTGTGCCTGACAGGACCGTGGCCGACCGGCAGCTGAAGGAGCTTCA
250 260 270 280 290 300

90 100
EQGEIRIVQLGFDLDAHGII

AGAGCAGGGGGAGATCAGAATCGTCCAGCTGGGCTTCGACTTGGATGCCCATGGAATTAT
310 320 330 340 350 360

110 120
FTEDYRTRVCDCVLKACDGR

CTTCACTGAGGACTACAGGACCAGAGTATGTGACTGTGTCCTCAAGGCCTGTGATGGCCG
370 - 380 390 400 410 420

130 140 
PYAGAVQKFLASVLPACGDL

ACCGTATGCTGGGGCAGTGCAGAAATTTCTAGCTTCAGTACTTCCAGCCTGTGGGGACCT 
430 440 450 460 470 480

150 160
SFQQDQMTQTFGFRDSEITH

TAGTTTCCAGCAGGACCAAATGACACAGACCTTTGGCTTCAGGGACTCAGAAATCACGCA
490 500 510 520 530 540

170 180 
LVNAGVLTVRDAGSWWLAVP

TCTGGTGAATGCTGGAGTCCTCACCGTCCGAGATGCTGGGAGCTGGTGGCTAGCTGTGCC 
550 560 570 580 590 600

190 200 
GAGRFIKYFVKGRQAVLSMV

TGGAGCTGGGAGATTCATCAAGTACTTTGTTAAAGGGCGCCAGGCTGTCCTTAGCATGGT 
610 620 630 640 650 660

210 220
RKAKYRELLLSELLGRRAPV

CCGGAAGGCAAAGTACCGGGAACTGCTCCTATCAGAGCTCCTGGGCCGGCGGGCGCCTGT
670 680 690 700 710 720

230 240
.VVRLGLTYHVHDLIGAQLVD

CGTGGTGCGGCTTGGCCTCACCTACCATGTGCACGACCTCATTGGGGCCCAGCTAGTGGA
730 740 750 760 770 780

250
CISTTSGTLLRLPET*

CTGCATCTCTACCACTTCAGGAACCCTCCTCCGCCTGCCAGAGACATGAAGATTCTGCTC 
790 800 810 820 830 840



ATCATTGCTCAGCTCCTCAGAGTGGGCCGGGAGGGGACTAGAAGAGCTGCATGATGGTGG 
850 860 870 880 890 900

CTGAGACAGGGTCACCTTGGGAAGGCTTGGGAGCCAGGATGAGTGTCGGGCTCTCGTGTG 
910 920 930 940 950 960

TGCAAAAGGTCAGATGTGACTGCTGCTGTTTGCCTGGTTTCTGACCCAGTGGTGGGGTTT 
970 980 990 1000 1010 1020

GAGCAATGCTTCTCTGCCCTTCCATGGAAAGTGGAACCAGAAATGGTGCCAAGGCTGTGG 
1030 1040 1050 1060 1070 1080

CTGTTCCCTTTCGTGTAAAATGGTGCTGTTATTACTCTGTCTTGAAATAGGAAGGTGGGA 
1090 1100 1110 1120 1130 1140

TTTCTGGGGAGGCTGGTGAAGGAGGGCAGGGTTCTTTTCTCTATGTGTCATGTTAAAATT 
1150 1160 1170 1180 1190 1200

GCCAAATAAAGTACCTGTGCCTGTG(A) 5 
1210 1220
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peptide. Furthermore, all are found prior to, or within, the region 

which contains putative regulatory sequences that may be important for 

transcription of the Gil gene (see 5.2.5). Therefore, the putative open 

reading frame predicts a polypeptide of 258 residues. The product has no 

apparent leader sequence, which suggests that Gil could encode an 

intracellular protein. This is supported by the absence of any 

Asn-X-Thr/Ser sites for the addition of N-linked carbohydrate. One other 

unusual feature is the odd number of cysteine residues. Three of these 

are found very close together in the protein sequence (positions 113, 

115 and 120), the fourth is at position 140 and the fifth is at position 

244 (Fig. 5.9).

cDNA 2.1 The complete sequence of cDNA 2.1 is 1155 nucleotides, 

including 18 bases of the poly (A) tail (Fig. 5.10). It differs from 

cONA 2.2 for the first 66 bases at the 5' end, and by the absence of a 

GpT dinucleotide between positions 311 and 312, which introduces a frame 

shift in the open reading frame. By comparison of the cDNA sequence with 

the genomic fragments isolated from cos2y, the origins of these 

differences have been defined. The 5' end of cDNA 2.1 consists of 66 

nucleotides from a 109 bp intron which has been spliced out of cDNA 2.2. 

The variation in the number of GpT dinucleotides can be mapped within 

152 bp Nco I and 800 bp Nco I fragments, and shown to occur at an 

intron/ exon boundary. At the 5' side of the splice junction there are 

two possible donor sites, one of which is used in cDNA 2.1, and the 

other in cDNA 2.2.

The alternative splicing of the two mRNA species alters the reading 

frame of cONA 2.1 with respect to cDNA 2.2. Assuming that the mRNA cap 

site for cDNA is in common with that for cDNA 2.2, the small intron 

contains an open reading frame which is in phase with the first 

methionine of cDNA 2.2 until the 3' splice junction. This could produce



Fig. 5.10.

The complete nucleotide sequence of cDNA 2.1. The polypeptide encoded 

by the open reading frame initiated from the first methionine is shown 

using the standard single letter code. The amino acid position is shown 

above the protein sequence.

Additional potential polypeptide products are listed below the 

nucleotide sequence. A is the polypeptide encoded by the longest open 

reading frame, and B is the polypeptide encoded from the first 

methionine in cDNA 2.2, reading through the 5' intron. The residues are 

numbered below the sequence data.



CGAGAGTTTTGTTAGAACCGCGTCCCCGCCCCAGTTCCCTGTCCGTGAGCCGATTTATCT 
10 20 30 40 50 60

MQLFPRGLF
GCCCAGGGTCGGCGCGCGCGGCTGTCTCAGAACTCATGCAGCTGTTCCCGCGAGGCCTGT 

70 80 90 100 110 120

10 20
EDALPPIVLRSQVYSLVPDR 

TTGAGGACGCGCTGCCGCCCATCGTGCTGAGGAGCCAGGTGTACAGCCTTGTGCCTGACA 
130 140 150 160 170 180

30 40
TVADRQLKELQEQGEIRIVQ 

GGACCGTGGCCGACCGGCAGCTGAAGGAGCTTCAAGAGCAGGGGGAGATCAGAATCGTCC 
190 200 210 220 230 240

50 60 
LGFDLDAHGIIFTEDYRTRV

AGCTGGGCTTCGACTTGGATGCCCATGGAATTATCTTCACTGAGGACTACAGGACCAGAG 
250 260 270 280 290 300

70
CDCPQGL*

TATGTGACTGTCCTCAAGGCCTGTGATGGCCGACCGTATGCTGGGGCAGTGCAGAAATTT 
310 320 330 340 350 360

CTAGCTTCAGTACTTCCAGCCTGTGGGGACCTTAGTTTCCAGCAGGACCAAATGACACAG 
370 380 390 400 410 420

ACCTTTGGCTTCAGGGACTCAGAAATCACGCATCTGGTGAATGCTGGAGTCCTCACCGTC 
430 440 450 460 470 480

CGAGATGCTGGGAGCTGGTGGCTAGCTGTGCCTGGAGCTGGGAGATTCATCAAGTACTTT 
490 500 510 520 530 540

GTTAAAGGGCGCCAGGCTGTCCTTAGCATGGTCCGGAAGGCAAAGTACCGGGAACTGCTC 
550 560 570 580 590 600

CTATCAGAGCTCCTGGGCCGGCGGGCGCCTGTCGTGGTGCGGCTTGGCCTCACCTACCAT 
610 620 630 640 650 660

GTGCACGACCTCATTGGGGCCCAGCTAGTGGACTGCATCTCTACCACTTCAGGAACCCTC 
670 680 690 700 710 720

CTCCGCCTGCCAGAGACATGAAGATTCTGCTCATCATTGCTCAGCTCCTCAGAGTGGGCC 
730 740 750 760 770 780

GGGAGGGGACTAGAAGAGCTGCATGATGGTGGCTGAGACAGGGTCACCTTGGGAAGGCTT 
790 800 810 820 830 840



GGGAGCCAGGATGAGTGTCGGGCTCTCGTGTGTGCAAAAGGTCAGATGTGACTGCTGCTG 
850 860 870 880 890 900

TTTGCCTGGTTTCTGACCCAGTGGTGGGGTTTGAGCAATGCTTCTCTGCCCTTCCATGGA 
910 920 930 940 950 960

AAGTGGAACCAGAAATGGTGCCAAGGCTGTGGCTGTTCCCTTTCGTGTAAAATGGTGCTG 
970 980 990 1000 1010 1020

TTATTACTCTGTCTTGAAATAGGAAGGTGGGATTTCTGGGGAGGCTGGTGAAGGAGGGCA 
1030 1040 1050 1060 1070 1080

GGGTTCTTTTCTCTATGTGTCATGTTAAAATTGCCAAATAAAGTACCTGTGCCTGTG(A) 18 
1090 1100 1110 1120 1130

B

MPMELSSLRTTGPEYVTVLKACDGRPYAGA 
10 20 30

VQKFLASVLPACGDLSFQQDQMTQTFGFRD 
40 50 60

SEITHLVNAGVLTVRDAGSWWLAVPGAGRF 
70 80 90

IKYFVKGRQAVLSMVRKAKYRELLLSELLG 
100 110 120

RRAPVVVRLGLTYHVHDLIGAQLVDCISTT 
130 140 150

SGTLLRLPET*
160

MSWKRHHLIPETFGVKRRRKRGPVESDPLR
10 20 30

GEPGNHGNPGGGASLPVAESFVRTASPPQF
40 50 60

PVREPIYLPRVGARGCLRTHAAVPARPV*
70 80
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a truncated peptide consisting of 35 residues identical with the 

N-terminus of the predicted protein from cDNA 2.2, 36 residues encoded 

by the intron, and 18 residues from the +2 reading frame. Alternatively, 

if the mRNA cap site for cDNA 2.1 is different, initiation from the 

first methionine codon at position 96 (Fig. 5.10) would give a product 

with 72 residues in common with the polypeptide encoded by cDNA 2.2, 

plus 4 unique residues at the C-terminus. These occur after the position 

of the frame shift introduced by the loss of the GpT dinucleotide in 

cDNA 2.1. The longest open reading frame of cDNA 2.1 consists of 143 

amino acids in common with the C-terminus of the product of cDNA 2.2, 

and a unique N-terminus of 17 residues, encoded prior to the internal 

frame shift. The first methionine in this reading frame is at nucleotide 

position 259.

Even assuming that cDNA 2.1 is a partially spliced precursor, and that 

the final mRNA species is devoid of the small intron, initiation from 

the same methionine as cDNA 2.2 would produce a truncated polypeptide of 

119 residues.

5.2.5 5* Genomic Sequence (Fig. 5.11)

Taking the first in-phase methionine residue of cDNA 2.2 as the 

initiating methionine, the 5 1 genomic sequence was analysed for the 

presence of upstream transcriptional regulatory sequences. An exact 

match for a CAAT box (5'-GCCAAT-3 1 ) was found 239 to 244 nucleotides 

upstream from the methionine residue. The closest match for a TATA box 

(5'-TATGT-3') was found 44 bases 3' to the CAAT sequence. Other 

consensus sequences were found for the following transcription factors: 

(a) three sites for Spl (5'-GGGCGG-3'), one of which is 165 

nucleotides 3' to the initiating methionine,



Fig. 5.11

The 5' genomic sequence. The positions of exact matches for 

transcription factors are marked by the horizontal arrows. The 

start sites of the nucleotide sequences for cDNA 2.1 and cDNA 2.2 

are indicated by the vertical arrow-heads. The amino acid residues 

encoded by cDNA 2.2 are shown using the standard single letter code.



CGATCCATGAGGTCCTAAGACAAGCAGGGGTACAGAGTTTCCATTCTACAGAGGAGGCCT 
10 20 30 40 50 60

CGAGAAGGATGACTGGTTTAGGACTAAGCCAGCCACCTGATCGCCAGGCTCTGGCCTTGA 
70 80 90 100 110 ' 120

AACATTCAGGCCCCTCAGACGCCACCGCGGCCAAGCTCTCATCCTCCCTCTTTCCTTGCC 
130 140 150 160 170 180

CTTCACCCA.CCCTCCCTCCAGGTCCTCCAAATGCAGTGAGGTTAGGAAGGACGTCTGCGC 
190 200 210 220 230 240

TCAGATCAAGAATCCAGTTACCTCAAAGCTCCCCAACTTCCACCTCCGCAGAGCTATGTC 
250 260 270 280 290 300

OCX
GTCAT.GGCAGGCACGCCAGAGGCCGAAGGATGCAAAGTGGTTTCTCCTTTCGATGATGCA 

310 320 330 340 350 360

Spl ^
ATCATTCAGCGACAGTGGCGGGCAAACCTCCGGGCGGGGAGGTGTGAGCTTCACGAAGGA 

370 380 390 400 410 420

AP2 ^
GGTTGACACCAACGTGGCCACCGGCGCCCCTCCACGCCGCCAACGAGTCCCCGGGCGTGC 

430 440 450 460 470 480

GTGCCCTTGGAGGGAGCCAATCCGCGGCCGGCGTGGGGCCCGGCCTGGCGGAGGTGAATG 
490 500 510 520 530 540

v

TATA „ Spl
CTGGTATGTGCGTCGCCACCGCCCCTCCCAGCACTGACGGGCCTGAGGGACGACAAGTTG 

550 560 570 580 590 600

AP2
ACGCTCCTTTCGTCATCACCTGGTCTAGGAGGGACGCCCGGGGAGACCGTACGTCACTGC 

610 620 630 640 650 660

2.2
TCTGCGCCGGAAGACCCTATTTTCAGGTGTTCTCTTCCCTCCATTCCTACCCCTTCCCCGG 

670 680 690 700 710 720

10 
MSWKRHHLIPETFG

TACCATAAAATCCCGGGATATGAGCTGGAAGAGGCATCACCTGATCCCGGAGACCTTTGG 
730 740 750 760 770 780

20 30 
VKRRRKRGPVESDPLRGEP

AGTTAAGAGGCGGCGGAAGCGAGGGCCTGTGGAGTCGGATCCTCTTCGGGGTGAGCCAGG 
790 800 810 820 830 840

2.1
TAACCATGGCAACCCCGGGGGTGGGGCCTCGCTTCCGGTAGCCGAGAGTTTTGTTAGAAC 

850 860 870 880 * 890 900

^ Spl G S A R A 
CGCGTCCCCGCCCCAGTTCCCTGTCCGTGAGCCGATTTATCTGCCCAGGGTCGGCGCGCG 

910 920 930 940 950 960

40 50 
AVSELMQLFPRC

CGCCTCTCTCAGAACTCATGCAGCTGTTCCCGCGAGGCCT 
970 980 990 1000
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(b) two sites for AP2 (5'-CCCC[G/A]GGC-3'),

(c) a near match for CTF/NF1, which includes the CAAT box,

(d) near matches for API and AP5.

Other motifs found within the genomic sequence were those for the 

cyclic AMP response element (CRE) and the immunoglobulin octamer. The 

positions of these elements are summarised in Fig. 5.12.

If the CATT and TATA boxes have been correctly identified, the cap 

site of the Gil transcript ought to lie 20-30 bp downstream of the TATA 

box, i.e., between positions 569 and 579 of the 5' genomic sequence 

(Fig. 5.11). Therefore, the majority of the regulatory elements defined 

occur at locations that are consistent with the predicted cap site. 

HTF Island Structure: the sequences of the 5' genomic DNA fragments and 

the cDNA 2.2 were analysed for the distribution of CpG dinucleotides. 

The ratio of observed/ expected (0/E) CpG was calculated as described by 

Gardiner-Garden and Frommer (1987).

0/E C PG= no ' CpG x N 

no.Cx no.G

where N is the total number of nucleotides in the sample analysed. Both 

the genomic and cDNA sequences were characterised in 100 bp windows, 

moving across the sequence in 20 bp intervals. The average %C+G and the 

0/E CpG were plotted and compared against the distribution of CpG and 

GpC dinucleotides within the same sample groups. CpG rich regions were 

defined where the moving average was >50% C+G and 0/E CpG was >0.6 (Fig. 

5.13; 5.14).

The HTF island structure was found to extend into the 5' end of the 

cDNA, and probably encompasses a total region of 0.8 to 0.9 kb, which 

includes part of the first exon and intron. A short CpG rich sequence 

was also detected between 0.7 and 0.85 kb in the cDNA (Fig. 5.14).



Fig. 5.12

TRANSCRIPTION FACTORS

Recognition
Factor

Spla> b

CRt?

OCT^

AP2a

CTF/NFla

APla

Sequence 

GGGCGG

TT 
CA CGTCA

ATGCAAA^,
if

CCCCGA GGC

TGGCT(N) 
AGCCAA

T^AGTCA

5 ' genomic

GGGCGG 
CCGCCC 
CCGCCC

TGACGTC 
GACGTCA 
TTCGTCA 
TACGTCA

ATGCAAAG

CCCCGGGC 
GCCCGGGG

* **
TTGGAGGG

AGCCAA

TTCGTCA

GGACTAA

position

392-397 
559-564 
908-913

297-303 
298-304 
609-615 
650-656

330-337

469-476 
636-643

487-500

609-615

81-87

AP5a CTGTGGAATG

a, Jones, et al., 1988.
i>j Dynan ana Tjian, 1985.
*., indicates position of mismatch,

CATTCTACAG 42-51

, 100 bP

APS

CRE Spl CAA

OCT AP2 TATA AP2

I II

Positions of the recognition sequences relative to the putative coding 

regions of gene Gil. The estimated position of the mRNA cap site is 

indicated by the arrow head.



Fig. 5.13

Analysis of the CpG content of the 5' genomic sequence. Part A 

shows the total CpG content and the observed/ expected CpG content 

(0/E), as calculated with a 100 bp window over 20 bp intervals (see 

text). The solid horizontal line represents a CpG content of 50%, 

and the broken horizontal line shows a 0/E of 0.6. The arrow-head 

defines the position of the dip in the CpG content which could be 

indicative of the mRNA cap site. Part B shows the number of CpG and GpC 

dinucleotides using the same moving window, and part C shows their 

relative positions. Part D is a schematic representation of the 5' 

genomic sequence, with the positions of the sites for transcription 

factors, exons, and cDNA start sites indicated by the vertical bars.
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Fig. 5.14

Analysis of the CpG content of the cDNA 2.2 nucleotide sequence. 

Part A shows the total CpG content and the observed/ expected CpG 

content (0/E), as calculated with a 100 bp window over 20 bp 

intervals (see text). The solid horizontal line represents a CpG 

content of 50%, and the broken horizontal line shows a 0/E of 0.6. 

Part B shows the number of CpG and GpC dinucleotides using the same 

moving window, and part C shows their relative positions.
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The double peak observed in the 0/E CpG plot for the 5 1 genomic 

sequence (Fig. 5.13) has been seen in the island associated with the 

nucleolin gene (Bourbon et_ cf^, 1988). The local decrease in the CpG 

content occurs close to the cap site for the mRNA. If this is also the 

case for Gil, the position of the cap site ought to between positions 

520 to 620 of the 5' genomic sequence. This is consistent with the 

positions of the putative CAAT and TATA boxes at positions 496 and 545 

(Fig. 5.11), and would imply that the cDNA 2.2 insert is about 100-110 

bp short of the 5' end of the transcript. This would predict a full 

length mRNA species of 1430-1480 bp.

5.2.6 3' Genomic Sequence (Fig. 5.15)

The 3' genomic sequence was found to overlap the ends of the cDNA 

inserts by vL80 bp. The polyadenylation signal (5 1 -AATAAA-3 1 ) is at a 

position which is only 613 bp upstream of the C4A mRNA cap site (Belt, 

1985).

5.2.7 Analysis by Southern Blotting

Further analysis at a genomic level was carried out by hybridising the 

cDNA with a Southern blot of genomic DNA from individuals A and YB (Fig. 

5.16). A is equivalent to the cell line used to prepare the cosmid 

library, and YB is an individual with duplicated C4 and 210H loci (HLA 

type: HLA-A2, 3; -B35, 62; C2C; Bf F; C4 A3, 2; C4 BQO; HLA-DR1, 6). The 

samples were digested with the enzymes Bam HI, Bgl II, Hind III and Tag 

I. Following washing and autoradiography, the probe was found to 

hybridise to fragments at 9 and 0.8 kb (Bam HI), >14 kb (Bgl II), ^20 

and >12 kb (Hind III), and 7 and 0.95 kb (Tag I) in both sets of genomic



Fig. 5.15

The nucleotide sequence of the 3' genomic clones. The positions of 

the poly (A) addition site is indicated by the vertical arrow-head. The 

C4A mRNA cap site is marked with an *.



poly (A) addition site 

CCCTGTGATATTTTCTGGATCTCCTTTATTTACTGTGACGTGTGTTTGGGTGCCTTCTTT -561

ATGGGGTAGAGGTGAAGTCTGAGCTTTGCCTCATTCAGAGAGGAAACCGGTCAGGGGTTC -501 

ACTCTGACGTTCAGGCCATTCTCCCTCGTGGAGTGGTGAGGGTGTACCTAATCTCCTAAA -441 

CCACGGAATTTCTGTTAGGCCCTAAAAAAGCAAAAGCCTAGTATAGTTCAATTTGTCTTG -381 

GAATGAAAGTAAGAGACAAGTGTCTTAGAAGCCTGTCATTGTTTTGTGAGCGCCTTTAAA -321 

TATCCTGTACTCGTGGGCCATGTTGGGCCCTTGTACGCCCAGGTATACATGAGCTTGTGT -261 

CCACCTATACCCTCATACAGATATACCTGGTAGGGGGAGGTGCTCAGGCACTGGAATGAC -201 

AGCAGTTAACGGGGAAGGACAGGGTTATTTCTGGGCCAAGATTCAGAGTTTCCCATGGAC -141 

ACCCAGGTGTCCGGGGTGCCCCCACAACTCTGGGCCTGAGGCCAGTTGCACTTCTTGGCT -81 

CTCACGTGGTTTCCCAGCTTAGCTGGGCTGGGGGAGGAGCAAGGTCCAGAGTCAACTCTG -21

* *
CCCCGAGGCCTAGCTTGGCCAGAAGGTAGCAGACAGACAGACGGATCTAACCTCTCTTCG 40

-19
MRLLWGLIWASSFFTL 

ATCCTCCAGCCATGAGGCTGCTCTGGGGGCTGATCTGGGCATCCAGCTTCTTCACCTTAT 100

1 
S L Q K P R
CTCTGCAGAAGCCCACGTCCTGGAGGCGGGATGCTGGGTGCTTGGATTCGGGCAGGGCTG 160



Fig. 5.16

Southern blot analysis with cDNA 2.2. DNA from two individuals was 

digested with Bam HI (M), Bgl II (B), Hind III (H) and Tag I (T). 

Individual A is the cell line used to prepare the cosmid libraries. 

Individual B has both C4A and C4B genes, with their associated 210H 

loci. The origins of the fragments detected using the cDNA are shown 

schematically in the diagram underneath. The precise position of the 

0.95 kb Tag I fragment is not shown as it has not been determined.
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digests. These bands are equivalent to the 9.5 and 0.8 kb (Bam HI), 16.2 

kb (B£l II), 22 and 14.6 kb (Hind III), and 0.95 and 7 kb (Tag I) 

fragments mapped in cloned DNA to the region 5' to the C4A locus. 

Additional bands at 4.9 kb (Bam HI), 4.4 and 11 kb (Bgl II), ^20 kb 

(Hind III) and 6 kb (Tag I) were visible in YB. These fragments are 

associated with the 5' end of the C4B locus (Fig. 5.16), and indicate 

that at least part of the coding seguence of Gil is involved in the 

duplication event which has given rise to the two C4 and 210H loci. A 

faint band at %10 kb in the Bgl II digest is also present in both 

haplotypes. The origin of this fragment is uncertain, as there are no 

equivalent faint bands in the other tracks. However, it may be 

equivalent to the 11.5 kb Bgl II fragment that is associated with the 

210HB gene.

5.3 DISCUSSION

Two HTF islands, designated 13 and 14, have been mapped within the 30 

kb separating the factor B and C4A genes (chapter IV). One of these, 

island 14, has been characterised for the presence of an associated gene 

by hybridisation of unigue seguence flanking probes to animal Southern 

blots, and Northern blots. Although both probes detected single copy 

seguences in Bam HI and Bgl II digests of genomic DNA from other 

mammalian species, only probe D3 hybridised to a transcript. The 1.4 kb 

mRNA, Gil, was expressed at a relatively low level in comparison with 

other ubiguitous transcripts from the class III region.

Probe 03 was used to screen a cDNA library prepared from PMA 

stimulated U937 cells. Two independent recombinants were recovered. 

These were found to contain inserts of 1.2 and 1.3 kb, which differed by 

the presence of a Bam HI site in the larger clone. Both cDNAs were
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sequenced, and two major variations were discovered: firstly, the 

inserts had unique 5' ends, and, secondly, they were distinguished by 

the presence or absence of a GpT dinucleotide within a 240 bp Nco I/ 

Nhe I fragment.

To resolve the origin of these differences, the distribution of the 

coding sequence was determined by Southern blot analysis of cos2 Y . 

Subclones containing the 5' genomic sequence, including the untranslated 

region, and the fragments encompassing the GpT dinucleotide were 

isolated and sequenced. The differences between the cDNA inserts were 

shown to arise from alternative splicing of a precursor RNA. cONA 2.1 

included part of the first intron defined in the genomic sequence, which 

accounted for the divergence in the 5' ends of the clones. Two 5 1 splice 

junction sites defined within a 152 bp Nco I genomic fragment explained 

the variation in the number of GpTs. If the first site is used, the 

contiguous sequence of the mRNA is identical to cDNA 2.1. If the second 

site is used, an extra GpT is inserted to give a contiguous sequence 

equivalent to that seen in cDNA 2.2.

The splice junctions obey the GT/AG rule of Breathnach and Chambon 

(1981). Comparisons with extended consensus sequences (Padgett et al., 

1986) show close agreements for both splice junctions of the 5' intron, 

and the 3' splice junction of the intron with the alternative 5' splice 

sites. The latter are atypical as they contain a T rather than a G as 

the last nucleotide before the exon/ intron boundary. Putative branch 

sites have also been located on the basis of homology to the PyNPyTPuAPy 

consensus of Reed and Maniatis (1985) (Fig. 5.17).

Analysis of the nucleotide sequence of cONA 2.2 predicts an open 

reading frame of 258 residues. The sequence around the initiating 

methionine does not conform to the consensus of Kozak (1987), nor does 

any other methionine codon within the genomic or cDNA subclones. The
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alternative splicing observed in cDNA 2.1 interrupts this putative 

coding region, and would result in the production of truncated 

polypeptides sharing regions of homology with the product of cDNA 2.2. 

Either cONAs 2.1 and 2.2 encode distinct isoforms of the same 

polypeptide, or the splicing of the precursor mRNA is functioning as a 

regulatory mechanism, to control gene expression. Multiple, but related 

transcripts from a single gene have been observed for a number of gene 

families in organisms ranging from Drosophila to man (Breitbart et a!., 

1987). In the case of the "CAAT" box binding proteins, the alternative 

mRNAs encode functional isoforms (Santaro et al^, 1988), but, analysis 

of cDNA clones from the murine tyrosinase gene show that only the full 

length transcript encodes an active protein (Ruppert et al., 1988; 

Muller et. al^, 1988).

Characterisation of the 5' genomic sequences and cDNA 2.2 shows that 

the distribution of CpG dinucleotides is consistent with that observed 

for other HTF island associated genes (Gardiner-Garden and Frommer, 

1987). The island structure spans O.9 kb, and includes the first exon 

and part of the second exon of the putative coding sequence. The island 

contains a cluster of overlapping sites for the enzymes Eag I, Nar I and 

Sac II in the region immediately 5' to the gene, and two overlapping Bss 

HI I sites in the second exon. Of these, the sites for Sac II, Eag I and 

Bss HII are known to cut at the chromosomal level (see chapter IV). 

Exact matches for the consensus sequences of the transcription factors 

Spl and AP2 have been found within the island. One Spl site occurs 165 

nucleotides 3 1 to the initiating methionine. Similar G/C boxes have been 

located within the coding sequences of other island associated genes 

(Gardiner-Garden and Frommer, 1987).

Additional motifs include the Ig octamer sequence, and three copies of 

the cAMP response element (CRE). One of the latter occurs within a
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palindromic octamer. The significance of these elements is unknown, but 

they may prove important for understanding the expression of Gil, given 

that the levels of mRNA detected by 03 were much lower than those 

observed for other ubiquitous transcripts from the class III region.

Mapping of the coding sequences in cos2y suggests that the Gil gene 

contains a large intron of at least 4 kb close to the 5' end. The bulk 

of the cDNA is encoded within a 3 kb region 5' to the C4A locus. 

Sequencing of genomic fragments has established that the poly A addition 

site of Gil is only 613 bp upstream of the C4A mRNA cap site (Belt,

1985). Furthermore, genomic Southern blot analysis of the cDNA 2.2 

infers that at least part of Gil is involved in the duplication 

responsible for the two C4 loci in normal haplotypes. A weakly 

hybridising Bgl II fragment of 10-11 kb is also present in haplotypes 

with single and duplicated C4 genes. If this is equivalent to the 11.5 

kb restriction element containing the 210HB gene, there may be an extra 

region of sequence homology to Gil. These may be significant in 

understanding the deletion and duplication events which result in 

chromosomes carrying different numbers of C4 and 210H loci. Regions of 

homology could provide areas where misalignment can occur, resulting in 

the exchange of DNA in a manner analogous to that involving Alu repeats 

in the a and B globin loci (Nicholls et al., 1987; Henthorn et a!.,

1986).

Finally, although the whole of the Sal I probe detected 

cross-hybridising fragments on Southern blots of genomic DNA from a 

range of animal species, the 1.7 kb Bam HI fragment failed to detect a 

transcript on a Northern blot. Either

(a) the region between factor B and C4 is very highly conserved 

between mammals, and especially between primates as the man and 

monkey digests appear to contain fragments of a common size,
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or,

(b) there is a third gene within the 30 kb gap which is tissue 

specific, or expressed at levels below the detection limits of 

the system used.

As the probe hybridises strongly with other mammals, a panel of RNA from 

different tissues could be prepared from a laboratory animal, such as 

mouse, for use in further analyses.



CHAPTER VI
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IDENTIFICATION OF AN MHC-LINKED STRESS PROTEIN: 

A DUPLICATED LOCUS FOR HUMAN HSP 70

6.1 INTRODUCTION

Characterisation of the class III region of the human MHC for HTF 

islands and their associated transcripts revealed a duplicated sequence 

within the region 92 to 104 kb telomeric to the C2 gene. Two islands 

containing sites for Eag I, Pvu I and Sac II were positioned 12 kb apart 

from PFGE data and restriction enzyme mapping of the cloned DNA (chapter 

IV). Each island was adjacent to a copy of 0.9 kb Bgl II fragment which 

hybridised with probe H, a 0.8 kb Bgl II/ Sal I genomic fragment 

isolated from the end of cos7I (Fig. 6.1). As with other class III 

region probes used for island analysis, probe H was hybridised to 

Southern blots of genomic DNA isolated from a range of animal species. 

The results revealed distinctive features which were not observed with 

any other unique sequence. Firstly, probe H detected a family of 

restriction fragments with varying intensities; secondly, the probe 

cross-hybridised with shark, as well as the mammalian samples, under 

stringent washing conditions.

Few genes are so highly conserved between different classes of the 

animal kingdom. Of those mapped by cytogenetic techniques to the p21 

region of chromosome 6, only HSP 70 has characteristics in common with 

probe H (Goate et al., 1987; Harrison et a!., 1987). A number of human 

HSP 70 cDNA and bacteriophage x genomic clones have been published (Hunt 

and Morimoto, 1985; Voellmy et_ a]^, 1985; Wu jit aj_._, 1985). Comparison 

with detailed restriction maps of the cosmid inserts suggested that the 

genomic clones independently isolated by Hunt and Morimoto (1985) shared 

identity for the enzymes Bam HI and Hind III. The presence of HSP 70 in
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the human MHC was confirmed by sequence analysis of suitable subclones 

containing the two copies of probe H.

The mapping of two loci for HSP 70 family members within the class III 

region may be of interest with respect to disease association. Owing to 

the high degree of homology between analogues from bacteria, protozoa 

and man (Lindquist, 1986), presentation of HSP 70 peptides during 

infection could lead to the production of cross-reacting cytotoxic T 

lymphocytes and antibodies. Furthermore, as heat shock proteins have 

been attributed with a role in the protection of ribonucleoprotein (RNP) 

structure (Pelham, 1984, 1986; Welch and Suhan, 1986) they could 

contribute to the auto-immune aetiology of diseases such as SLE, where 

anti-RNP immunoglobulins are a common feature.

6.2 RESULTS

6.2.1 Isolation of Cosmid Clones

Probe H was isolated from the end of cos7I using a Bgl II/ Sal I 

double digest. It represented 0.8 kb of a 0.9 kb Bgl II restriction 

fragment mapped within the slightly larger insert of cos8I (Fig. 6.1). 

The genomic fragment was used to rescreen the Mbo I cosmid library, and 

7 new recombinants were taken for analysis. The inserts were cleaved 

with Bam HI, Bgl II and Cla I in single and double digest combinations, 

and compared with cos7I and cos8I using agarose gel electrophoresis and 

Southern blotting. The cosmids could be divided into three groups on the 

basis of the restriction patterns, and hybridisation to probe H:

(a) cos9III overlapped the cosSI and cos7I cluster by 34 kb and

extended it by 52 kb. All three inserts contained a single copy of 

probe H.
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(b) coslOII, coslOIII and cos!2I also contained a single copy of probe 

H, plus a region which hybridised weakly. The cluster could not be 

overlapped with any of the cosmids in group (a).

(c) cos9II, coslZIV and coslOI had restriction fragments common to 

groups (a) and (b). The molecular map suggested that these cosmids 

contained duplicated 7 kb Bam HI fragments each of which 

encompassed a copy of probe H. In addition, the 3 cosmids in group 

(c) also had the cross-hybridising region seen in group (b). 

The 3 cosmid clusters overlapped to give a total extension of 52 kb 

beyond the end of cosSI (Fig. 6.1). All the cosmids that were isolated 

from the library could be assigned to chromosome 6.

More detailed mapping of the cosmids with the enzymes Eco RV, Hind 

III, Kpn I, Sal I and Xho I revealed that cos9III was non-contiguous for 

the last 2.5 kb of the genomic insert. As the cosmids in group (c) all 

overlapped with cosSI and cos7I, the final map of this region could 

still be confirmed using the data from these genomic clones.

6.2.2 Analysis of the Duplication

CosSII, from group (c), was chosen for further analysis of the 

duplicated region. The genomic insert was characterised with the 

standard restriction enzymes Bam HI, Bgl II, Cla I, Eco RV, Hind III, 

Kpn I, Sal I and Xho I, and with the infrequently cutting enzymes Bss 

HII, Eag I, Pvu I and Sac II. Comparison of the data showed that the 0.9 

kb Bgl II fragment, from which probe H was derived, occurred within a 

duplicated 7 kb Bam HI fragment. Other restriction sites in common were 

those for Cla I, Eag I, Pvu I and Sac II. The two 7 kb Bam HI fragments 

were separated by 5 kb, positioning the Bgl II fragments ^11 kb apart, 

(Fig. 6.2).
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Fig. 6.2

A restriction map of cosQII. The insert was mapped using the enzymes 

Bam HI (M), Bgl II (B), Hind III (H), Kpn I (K), Cla I (C), Eco RI (R), 

Mlu I (Ml), Xho I (X), Pvu I (Pv), Bss HII (Bs), Eag I (E) and Sac II 

(Sc). The positions of the restriction sites are indicated by the 

vertical bars, and the copies of probe H by the solid boxes. The 

broken line represents a reformed site at the end of the genomic DNA 

insert. The sizes of the duplicated fragments are shown in kb.



132

The copies of probe H, designated H, and Hp, could be distinguished in 

double digests with Hind III, owing to the presence of a Hind III site 

within the more telomeric of the two Bam HI fragments. In a Hind III 

digest, the probe hybridised strongly to fragments of 15 kb (H2 ) and 6.5 

kb (Hj). In a Bam HI/ Hind III double digest, the probe hybridised 

strongly to fragments of 7 kb (H2 ) and 2.4 kb (H^, and weakly to a 3.7 

kb fragment (the homologous region) (Fig 6.3).

6.2.3 Analysis of the Region of Homology

Southern blots of digested cos9II ONA hybridised with probe H revealed 

a region of homology which hybridised more weakly than the duplicated 

fragments. In a Bam HI/ Hind III double digest probe H detected a 3.7 kb 

fragment, equivalent to the end of the genomic insert. In a Bam HI/ Kpn 

I digest, the probe hybridised to a 1.7 kb fragment. From the 

restriction map of cos9II, the limits of the homology could be defined 

to lie within a 0.5 kb region between the Kpn I and Hind III sites (Fig. 

6.3). This is located about 5 kb telomeric to the duplication.

As the homologous fragment is smaller than probe H, and does not 

hybridise as strongly as the duplicated regions, it is not identical in 

sequence. The homology may represent the remnants of a partially deleted 

third copy of the probe.

6.2.4 Genomic Southern Blot Analysis using Probe H

Probe H was hybridised to a Southern blot of human genomic DNA cleaved 

with Bam HI, Bgl II, Eco RI and Hind III in single and double digest 

combinations. Following autoradiography, not all of the observed 

fragments could be attributed to the homologous regions defined by
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analysis of the cosmids isolated from chromosome 6 (Table 6.1). The 

strongly hybridising fragments could be equated with the restriction 

elements mapped in the cosmid inserts. The extra fragments were not as 

intense as those known to contain the probe (Fig. 6.4c). The result 

implied that probe H belonged to a family of repetitive elements 

dispersed throughout the human genome at a relatively low copy number.

6.2.5 PFGE Analysis of Probe H

As with other walking probes, probe H was linked to the class III 

region of the MHC by PFGE (see 3.2.4). Probe H hybridised to 210 kb Not 

I and 640 kb Nru I fragments in common with probes I and J, which had 

been mapped between the C2 gene and probe H. In addition, the Pvu I 

sites associated with each copy of the probe were found to cut in 

chromosomal DNA, and probe H detected fragments of 12, 340, and 780 kb. 

The 340 kb fragment was in common with the complement/ 210H gene 

cluster, the 780 kb fragment was in common with the TNF loci, and the 12 

kb fragment represented the distance between the duplicated restriction 

sites.

A search of the cloned fraction of the class III region for HTF 

islands (see chapter IV) showed that the sites for the enzymes Bss HII, 

and Sac II were cleaved at a chromosomal level. The two clusters of rare 

enzyme sites were designated islands 8 and 9 (chapter IV, Fig. 4.9).

6.2.6 Animal Blot Analysis of Probe H

Probe H was now known to lie within a duplicated Bam HI fragment 

associated with HTF islands containing sites for Bss HII, Pvu I and Sac 

II. To determine whether the probe represented part of a gene, it was



Fig. 6.4

Analysis of probe H, and confirmation of the HSP 70 loci. 

Part (a) shows the hybridisation pattern obtained with a Southern 

blot of Bam HI digested DNA from a variety of animal species. Cross- 

hybridising bands are evident in all the samples, including that of 

the shark.

Part (b) shows the result obtained by hybridising an HSP 70 

oligonucleotide to Bam HI digested cosmids spanning 300 kb of the 

cloned portion of the class III region. Only cos9III is detected. 

The fragments at 7 kb and 5 kb correspond to the Bam HI restriction 

elements at 7 kb and 4.9 kb which contain the duplicated 0.9 kb Bgl

II fragment and the region of homology to probe H.

Part (c) shows the analysis of probe H using a Southern blot of

human DNA cleaved with Bam HI (M), Eco RI (R), Bgl II (B) and Hind

III (H) in single and double digest combinations. A comparison of 

the observed fragment sizes against the cloned fragment sizes is 

found in table 6.1.
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Table 6.1
Comparison of the fragment sizes observed on Southern blot analysis 

of probe H with the restriction elements mapped in the cosmids isolated
from chromosome 6.

Digest Fragments (kb) Fragments
in cloned DNA

Bam HI 5.8
*7.0 7.0 (H H r ) 

>15.0 20.4 (Ho) *

Earn HI/ 2. 2
Hind III *2.4 2.4 (H )

3.0
5.1 4.9 (Ho)
*7.0 7.0 (HJ

Hind III 2.2 
3.0 
4.0 
5.1

'2'

*6.5 6.4 (H ) 
*>15.0 15.0 (H1 Ho)

Bgl II *0.9 0.9 (H , H ) 
2.4 1 
5.1 
8.0 8.2 (Ho)

Bgl II/ *0.9 0.9 (H , H ) 
Eco RI 2.0

2.8 3.0 (Ho)
4.9

Bam HI/ *2.1 2.2 (H ) 
Eco PI 3.1 
—— 4.5

*7.0 7.0 (H ) 
>15.0

Eco RI 3.2
4.8 

*>15.0 17.0

The fragments marked with an asterisk * are the most strongly 
hybridising fragments on the Southern blot. H H r and Ho define the 

cloned fragments containing copy 1 3 2 or the region of homology to 

probe H3 respectively.
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hybridised to a Southern blot of Bam HI digested genomic DNA samples 

from man, mouse, cat, sheep and shark. The blot was washed under high 

stringency conditions (0.2x SSC/ 0.1% SDS, 65°C, 1 h) and 

autoradiographed. Multiple fragments were observed in all the animal 

tracks, including that for shark (Fig. 6.4a). The results confirmed that 

probe H was probably a member of a multigene family, but was unusual in 

the high degree of nucleotide sequence homology between different 

species. The intensities of the hybridising fragments in the mammalian 

tracks were similar to one another, and the gene under investigation had 

analogues in shark, an elasmobranch. Therefore, the gene family has been 

highly conserved throughout vertebrate evolution, and may have a 

fundamental role that selects against a high rate of nucleotide sequence 

mutation.

6.2.7 Assignment of the HSP 70 Loci

Of the genes assigned to the p21-23 region of chromosome 6 by 

classical cytogenetic techniques, one of the heat shock proteins, HSP 

70, was the most likely candidate for the novel loci (Goate et al., 

1987; Harrison et al., 1987). The heat shock proteins in general, and 

HSP 70 in particular, are extremely highly conserved members of 

multigene families (Lindquist, 1986). Protein analogues are found in 

organisms as diverse as bacteria, protozoa, plants and man, with 50% 

identity at the amino acid level between the E.coli dnaK protein and a 

human HSP 70 product (Hunt and Morimoto, 1985).

The novel loci were investigated using three approaches: comparison 

with the published bacteriophage X clones; oligonucleotide hybridisation 

to class III region cosmid clones; and sequence data analysis. Each of 

these will be discussed in turn.
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A: comparison with HSP 70 clones

A number of human HSP 70 genes and pseudogenes have been cloned in 

bacteriophage X. One of these, published by Wu et al. (1985), revealed 

striking similarities between the sites for Bam HI and Hind III with the 

cos9II genomic insert. Both clones had 2.8 and 7 kb Bam HI fragments, 

and the 7 kb Bam HI fragment contained a 2.3 kb Hind III fragment. 

Analysis of the phage clone with a Drosophila HSP 70 probe defined a 

full length gene within a 2.5 kb Bam HI/ Hind III fragment, and a 

partial copy in a 1.2 kb fragment. These were positioned within the 

genomic DNA at sites comparible with one of the copies of probe H and 

its region of homology (Fig. 6.5).

The HSP 70 gene isolated from the phage insert was equivalent to that 

characterised by H,. It had been used to define the chromosomal 

distribution of the HSP 70 family in man, using somatic cell hybrids. 

Three hybridising fragments of 2.5, 5.7 and 7.8 kb in a Bam HI/ Hind III 

genomic double digest were attributed to chromosome 6 (Harrison et al., 

1987). These are probably equivalent to the 2.4, 5.0 and 7.0 kb 

fragments mapped within the cosmid cloned DNA (Fig. 6.5). The three 

regions were subsequently found to lie within an Eco RI fragment of 20 

kb, which has also been mapped in the cosmid clones (Fig. 6.2). 

B: oligonucleotide analysis

An oligonucleotide corresponding to nucleotides 31-56 of the published 

HSP 70 gene sequence (Hunt and Morimoto, 1985) was synthesised for use 

in further hybridisation analysis. A Southern blot of Bam HI digested 

inserts from cosmids spanning 300 kb cloned from the class III region 

was hybridised with the 26mer. Only cos9II was detected by the 

oligonucleotide (Fig. 6.4b). Products at 4.9 and 7 kb agreed with the 

restriction map constructed using probe H. Furthermore, the 4.9 kb 

fragment confirmed that the region of homology contained at least part
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Comparison of the restriction map of cos9II with the published 

bacteriophage X clone H3-1 (Wu et al_._, 1985). Part A shows the genomic 

insert of the bacteriophage clone, with the positions of the sites for 

Bam HI (M) and Hind III (H). The limits of the regions hybridising to 

a Drosophila HSP 70 probe are indicated by the shaded boxes. Part B 

shows a portion of the insert of cos9II, with the positions of the 

copies of probe H, and the region of homology (Ho). The sizes of the 

single and double digest products (shown below, in kb) are remarkably 

similar over the region in common.
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of the 5' end of the gene, including the sequence against which the 

oligonucleotide was made.

Additional digests using cos9II DNA with the enzymes Bam HI, Bgl II, 

Ec£ RI, Hind III, Pst I, Pvu II and Sma I were fractionated on agarose 

gels and blotted onto nitrocellulose for hybridisation with the HSP 70 

oligonucleotide. Both copies of the duplicated sequences and the region 

of homology were detected. Hybridisation products at 20 kb (Eco RI), 7 

kb, 4.7 kb and 2.2 kb (Eco RI/ Bam HI), 7 kb and 4.9 kb (Bam HI), 7 kb, 

3.7 kb and 2.3 kb (Bam HI/ Hind III), 15 kb and 6.5 kb (Hind III), 14 kb 

and 3.4 kb (Pvu II), 8.5 kb, 2.9 kb and 2.7 kb (Pst I) and 3.6 kb and 

2.8 kb (Sma I) proved to be consistent with those assigned to the HSP 70 

genes located on chromosome 6 by other groups (Goate et al., 1987; 

Harrison et_ aK_, 1987; Hunt and Morimoto, 1985) (Fig. 6.6). 

C: sequence analysis of Probe H

Final confirmation of the presence of the HSP 70 loci within the class 

III region came from sequence data analysis of subclones containing H, 

and Hp (Fig. 6.7). The 5' sequence of the locus designated HSP 70-1 was 

determined from the Bam HI site. It was compared over 168 nucleotides 

with the published genomic sequence (Hunt and Morimoto, 1985), and only 

3 differences were detected. Two of these occur in the 5' untranslated 

region, a replacement of C by G at position -26 and an extra G between 

positions -1 and -2 of the published data (Fig. 6.8A). The third, a 

replacement of G by A, lies in the first position of codon 7, and 

results in a He to Val substitution at a protein level.

In addition, both HSP 70-1 and HSP 70-2 were sequenced from the Bgl II 

site at nucleotide position 1280. Over 160 nucleotides were compared, 

and only one difference from the published sequence was observed. The 

replacement of G by A results in a substitution of Gly by Ala at amino 

acid position 278 (Fig. 6.8B).



Fig. 6.6

Digests of cos9II with the enzymes Bam HI (M, Hind III (H), Eco RI 

(R), Pvu II (P), Pst I (PS) and Sma I (S) in single and double digest 

combinations (A). Fragments hybridising with probe H (B) are 

consistent with the established map, and are in agreement with 

previously published data.
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Isolation of subclones containing H, or Hp. The appropriate fragments 

were subcloned from the ends of cosmid inserts containing either H, 

(coslOIII) or H 2 (cos7I). The fragments were ligated into pATX, prior to 

preparing subclones for sequence analysis. Each copy was sequenced between 

the Bgl II (B) and Pst I (Ps) sites. In addition, the 5' end of the 

locus containing H, was sequenced from the Bam HI (M) site.



A HSP70-1 CAGTGTTCCGTTTCCAGCCCCCAATCTCAGAGCGGAGCCGACAGAGAGCAGGGAAC
C

1 * 10
#HSP70 MAKAAAVGIDLGTTYSC 

HSP70-H MAKAAAIGIDLGTTYSC
CGGCATGGCCAAAGCCGCGGCGATCGGCATCGACCTGGGCACCACCTACTCCTGCG 
(-) G

20 30
VGVFQHGKVEIIANDQGNR 
VGVFQHGKVEIIANDQGNR 
TGGGGGTGTTCCAACACGGCAAGGTGGAGATCATCGCCAACGACCAGGGCAACCGC

14 37 ° 
HSP70 1 * NKSINPDEA

R HSP70 1 *nH ?/ N K S l N P D E Anar/u-i ana -*t AACAAGAGCATCAACCCCGACGAGGCTG

* 380 390
VGYGAAVQAAILMGDKSEN 
VAYGAAVQAAILMGDKSEN
TGGCCTACGGGGCGGCGGTGCAGGCGGCCATCCTGATGGGGGACAAGTCCGAGAAC 

G

400 410
VQDLLLLDVAPLSLGLETA
VQDLLLLDVAPLSLGLETA

GTGCAGGACCTGCTGCTGCTGGACGTGGCTCCCCTGTCGCTGGGGCTGGAGACGGC

420 430
GGVMTALIKRNSTIPTKQ 
GGVMTALIKRNSTIPTKQ 

CGGAGGCGTGATGACTGCCCTGATCAAGCGCAACTCCACCATCCCCACCAAGCAG

# is the published sequence of Hunt and Morimoto (1985).

Fig. 6.8

Nucleotide and deduced amino acid sequences of portions of the HSP 70-1 

and HSP 70-2 genes. Part A shows the nucleotide sequence of HSP 70-1 from 

the Bam HI site at the 5' end of the gene. Part B shows HSP 70-1 and HSP 

70-2 between nucleotides 1083 and 1272. Differences between the nucleotide 

sequence here and that published are shown below. Differences in the 

derived amino acid sequences are indicated with a *. The numbers above the 

sequence refer to amino acid positions.
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6.3 DISCUSSION

Human HSP 70 loci have been mapped to chromosomes 6, 14, 17 and 21 

(Goate et al^, 1987; Harrison et al^, 1987). The data assimilated from 

the analysis of cos9II were consistent only with those genes assigned to 

chromosome 6. Formal linkage to the MHC class III region has been 

confirmed by hybridisation of probe H to PFGE blots. From the

overlapping cosmid clones, locus 2 lies 92 kb telomeric to the C2 gene,
*»3GD 

and locus 1 is^kb centromeric to the TNFa gene. The duplications are

separated by 12 kb (Fig. 6.9). 

True heat shock proteins are encoded by intronless genes (Lindquist,

1986). This allows rapid accumulation of the protein product under 

conditions of physiological stress, especially as mRNA processing is 

often inhibited. The HSP 70 gene cloned by Hunt and Morimoto (1985) is 

known to be functional from expression studies in human cell lines (Wu 

et. £L_, 1985; Wu and Morimoto, 1985; Wu et aK_, 1987). It is equivalent 

to one of the HSP 70 genes mapped to the class III region of the MHC, 

defined here as HSP 70-1. This particular member of the human HSP 70 

family has also been designated HSX 70 (Pelham, 1986), owing to a number 

of unique properties conferred by the 5' region regulatory sequences 

(Xiao and Lis, 1988). Unlike other mammalian HSP 70 genes, HSX 70 is 

expressed at a relatively high basal level , and appears to be under 

cell-cycle control. When fresh serum is added back to serum starved 

cells, levels of HSX 70 protein increase by up to ten times the basal 

level (Wu and Morimoto, 1985). The serum response element (SRE) shares a 

core sequence (5'-GGGAAA-3') in common with other growth regulated 

cellular promoters for the genes c-fos, IL-2 and IFN 3 (Wu et al.,

1987). Other proteins which affect HSX 70 expression support the 

hypothesis that there is a link between HSX 70 and normal cell growth. 

These activators include the
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cellular proto-oncogene c-myc (Kingston et lL_> 1984), and, in T 

lymphocytes, IL-2. Here, stimulation occurs prior to transition from G I 

to S phase (Ferris .et .al^, 1988). In addition, the SV40 large T-antigen 

(Khandjian and Turler, 1983) and the adenovirus 5 ElA protein (Simon £t 

aK_, 1988) activate the HSX 70 gene via specific regulatory elements. 

The temporal pattern of expression is similar to that for histones, and 

appears to be essential for both DNA and RNA synthesis. It has been 

proposed that the heat shock proteins may be involved in the maintenance 

and stabilisation of multimeric complexes, including transcriptional
 and 

translational machinery (Pelham, 1986). This role could be interlin
ked 

with "chaperoning" and preribosomal assembly, described below.

Recently, members of the HSP 70 family have been attributed with a 

role in the intracellular translocation of proteins (Pelham, 1988; 

Deshaies ejt aj^, 1988; Chirico et_ jfL_, 1988). In yeast, HSP 70 proteins 

are found to accompany secreted and organelle proteins from their s
ite 

of synthesis, the ribosome, to the appropriate membrane surface. Mo
re 

generally, HSP 70s may act as ATP-dependent catalysts for protein 

folding (Pelham, 1986). If the conditions of stress which induce HSP 70 

are considered; anoxia, heat shock, treatment with heavy metals or 
amino 

acid analogues, as a few examples; a common feature is the occurrence of 

damaged or abnormal proteins within the cell (Ananthan et a!., 1986). 

HSP 70 members may protect these structures from forming aggregates
, and 

promote refolding to the native form. In higher organisms, this may be 

important for the presentation of viral antigens in the context of class 

I molecules at the cell surface. A current model for the interaction of 

the class I antigen with immunogenic peptides suggests that it comes 

into contact with regions of the Golgi apparatus specialising with 

improperly folded proteins. Denatured fragments from this compartme
nt 

bind to the class I molecule and reach the cell surface (Germain, 1986^.
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During recovery following a period of physiological stress HSP 70 

proteins have been found to migrate to the nucleus and nucleolus 

(Pelham, 1984; Welch and Suhan, 1986). Nucleoli are particularly 

sensitive to heat shock, and the disruption of ribonucleoprotein (RNP) 

complexes is very evident. HSP 70 has been shown to associate with 

pre-ribosomal particles and other RNPs, and may play an important part 

in aiding reassembly, thus promoting a return to normal nuclear 

morphology. A common characteristic of many diseases such as systemic 

lupus erythematosis (SLE), mixed connective tissue disease (MCTD), 

rheumatoid arthritis and polymyositis, is the presence of autoantibodies 

directed against RNPs in the patient sera (Tan, 1982). In at least one 

study of SLE a high proportion of patients were found to have antibodies 

to HSP 70 itself (Minota and Winfield, 1988). It is possible that amino 

acid substitutions within a functionally important region of the HSP 70 

molecule could reduce the efficiency of the RNP reassembly-process. 

Thus, cells would fail to recover from periods of physiological stress, 

and cell death and lysis would liberate partially folded proteins or 

peptide fragments into the patient's serum. Although evidence for 

allelic variation at the HSP 70 loci is tentative, it would be worth 

studying the differences found between the sequence data obtained here 

and those previously published, with respect to those haplotypes 

frequently associated with these diseases. As there is no formal proof 

that HSP 70-2 encodes a functional protein, complete nucleotide 

sequences for both genes are required. The HSP 70 loci display a feature 

shared with other class III region genes, that of duplication, and there 

is a high degree of homology between the two loci. Therefore, there may 

be individuals where the number of MHC-1inked HSP 70 genes differ. 

Although all the HSP 70 family members probably share overlapping 

activities, the unique interaction of HSX 70 with the cell-cycle could
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have important consequences if unequal crossing over were to result in 

the deletion of an active gene.

Finally, as HSP 70 analogues are highly conserved within and between 

phyla, they may provide a particular challenge to the immune system in 

identifying self and non-self, leading to autoimmunity as a byproduct of 

infection. Immunisation of rats with Mycobacterium tuberculosis (MT) 

causes adjuvant arthritis, an animal model of rheumatoid arthritis in 

man. Cloning of one of the major epitopes recognised by T lymphocytes 

has shown that it is derived from a 71 kD heat shock protein (van Eden 

et. al_._, 1988). Similarly, 20% of CD4+ T cell clones in mice inoculated 

with MT are directed against the same protein (Young et_ aj_._, 1988). In 

certain individuals, exposure to an HSP 70 analogue could lead to long 

term immunity to related proteins from other infective agents. In 

others, it could cause tolerance, depending upon the peptide antigen 

presented to the immune system. Furthermore, molecular mimicry of this 

kind could exacerbate damage to tissues long after the initial exposure, 

owing to persisting cross-reactivity, for example with a local increase 

in the synthesis of HSP 70 during inflammation in rheumatoid arthritis 

(Polla, 1988).



CHAPTER VII
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CONCLUSIONS

7.1 THE ORIENTATION OF THE CLASS III REGION

The order of the complement and 210H genes has been established in 

genomic cosmid clones from the class III region (Carrol! e£ aK_, 1984, 

1985a). The orientation with respect to HLA-DR and HLA-B, however, has 

remained unknown, owing to the inconclusive nature of haplotype analysis 

and family recombination studies (Wilton and Charlton, 1986; Abbal et 

al., 1987). During chromosome walking from the complement/ 210H gene 

cluster, new class III region probes have been characterised. These have 

allowed the precise orientation of the loci to be determined using PFGE 

(Ounham et al., 1987). The 210HB gene is centromeric to the C2 gene, and 

is separated from the HLA-D region by 350 kb. The distance between the 

C2 gene and HLA-B is estimated at approximately 650 kb.

7.2 MAPPING THE TNF a AND TNF 6 LOCI TO THE CLASS III REGION

Clones for tumour necrosis factors a (cachectin) and 6 (lymphotoxin) 

have been shown to be arranged tandemly in man and mouse (Nedospasov et 

a!., 1985, 1986; Nedwin et aj_._, 1985; Gardner et_ al_._, 1987). They have 

been linked to the MHC in man by somatic cell hybridisation (Nedwin et 

al., 1985), analysis of chromosome 6 deletion mutants (Spies et al., 

1986) and PFGE (Dunham et_ a]^, 1987; Inoko and Trowsdale, 1987; Carrol! 

il AL_> 1987 » Ragoussis et aj^, 1988), and, in the mouse by inbred 

strain analysis (Gardner et aK_, 1987; Muller et_ £[_._, 1987a) and 

chromosome walking (Muller et a!., 1987b).

Probes isolated from a cosmid cluster encompassing the TNF loci have 

been used to show linkage to the complement genes (Dunham et al., 1987).
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By comparison with the published restriction maps of TNF genomic clones 

(Nedospasov et a\_._, 1986) the human TNF a gene is shewn to be 

centromeric to TNF 3. The direction of transcription is, therefore, 

identical to that of the genes in the complement/ 210H cluster.

7.3 A COMPARISON BETWEEN THE MURINE AND HUMAN MHC

The H-2 complex of the mouse is the most extensively mapped of other 

mammalian MHCs. A substantial proportion has been cloned in overlapping 

cosmids, and the general organisation has been determined using PFGE 

(Muller et al., 1987b). The arrangement of the genes is very similar to 

that established for the human HLA region (Fig. 7.1). The distances 

between the class II and 210HB genes in man and mouse is 350 and 430 kb, 

respectively. Similarly, the C2 gene is separated from the TNF a locus 

by 390 and 420 kb, respectively.

The two major differences between the molecular maps occur within the 

class III region complement gene cluster, and in the organisation of the 

class I and TNF genes.

Within the S (class III) region of the H-2 complex, the first of the 

two C4 loci encodes a protein called the sex-limited protein (Sip). 

Although this shares structural homology with C4, it is not 

haemolytically active in complement assays, and has no known function 

(Chaplin, 1985). The distance between the two murine C4-like genes is 

70-80 kb, indicating a much larger region of duplication than in the 

human MHC. Lastly, as in the HLA region, the C4 analogues are associated 

with genes for 210H. However, in the murine system, the 210HA gene is 

functionally active, and the 210HB gene is the pseudogene .

In mouse, the TNF genes have been physically linked to the class I 

region in overlapping genomic clones (Muller et al., 1987b). They are



Fig. 7.1

A comparison between the human HLA region and the mouse H-2 complex. 

The genes for RD and B144 are included in this map, showing their 

comparable positions in the two species. It is, as yet, not known if 

the other loci mapped to the cloned part of the class III region in 

man have analogues in the mouse. (Adapted from Campbell et al., 1988.)
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only 70 kb from the H-2 D locus, whereas in man the distance between the 

analogous genes is much greater, being in the proximity of 300 kb 

(Dunham e£ a]_._, 1987). The apparent decrease in the DNA content of this 

portion of the H-2 complex may be a consequence of the chromosomal 

rearrangement which has positioned one of the class I loci (H-2 K) 

centromeric to the immune response (class II) genes (Hood et_ a]^, 1983; 

Dunham et al., 1987).

Telomeric to the murine H-2 complex there is a number of class I 

related genes called the Tl and Qa antigens. Molecular mapping has shown 

that the number of genes within this region varies according to the 

strain of mouse used in the analysis. In man, there are also between 15 

and 20 class I related genes telomeric to the HLA-A locus. The function 

of these is unknown.

In other respects, the gene organisation of the two MHCs is highly 

conserved. The C2, factor B, C4 and 210H genes are comparably arranged, 

and although there are more genes and pseudogenes in the human class II 

region, the chromosomal order of the structural analogues is the same in 

both species (Hardy et a!., 1986). One consequence of the large number 

of class II genes in man is the increase in the size of the MHC with 

respect to the H-2 complex, 3-4 Mbp as opposed to 2 Mbp. In the mouse, a 

recombinational hot-spot has been located within the EB gene (Kobori et 

al., 1986; Steinmetz et al., 1986) of the I region. A similar hot-spot 

within the human class II region has been proposed to explain the strong 

linkage disequilibrium between DQ and OR loci, but not between the DP 

and OR subregions (Bodmer and Bodmer, 1984; Cohen ejt aj^, 1985).
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7.4 A MOLECULAR MAP OF THE CLASS III REGION OF THE MHC GENERATED BY 

COSMID CHROMOSOME WALKING

Two cosmid clusters were isolated from the class III region of the 

human MHC by chromosome walking. The walks were initiated using probes 

from the complement/ 210H gene cluster, and a genomic probe for TNF a. 

Together, they encompass 541 kb of genomic DNA. Although no linking 

clone could be obtained from the cosmid libraries, the gap between the 

clusters was estimated at 22-23 kb by PFGE analysis with flanking 

probes. A complete map showing all 61 cosmids, potential unique 

sequences and sites for the characterising restriction endonucleases can 

be found in Appendix 1.

Probes generated during chromosome walking in the class III region 

have been used to define rare enzyme sites which are also cleaved at a 

chromosomal level. From the most centromeric to the most telomeric 

endpoint of the cloned DNA, 25 single sites and clusters of sites, have 

been mapped. These probably represent the positions of CpG rich, 

unmethylated sequences called HTF islands, which frequently occur at the 

transcriptional start sites of housekeeping genes (Brown and Bird, 1986; 

Bird et_ aK_, 1985; Bird, 1986; Lindsay and Bird, 1987; Gardiner-Garden 

and Frommer, 1987). Putative islands between the TNF a and the 210HB 

loci have been characterised for associated genes using a two step 

approach. Firstly, flanking probes were tested on Southern blots of 

genomic DNA from a variety of animal species to look for phylogenetic 

conservation of nucleotide sequence. Secondly, the probes were used to 

screen a panel of total RNA species to search for possible transcripts. 

Thirteen novel products were assigned to the class III region on these 

criteria. With the exception of the HSP 70 loci, these appear to 

represent transcripts from unique, single copy genes. In addition,
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confirmation of the locations of the human RD and B144 genes suggests 

that they are situated in positions which are identical to the murine 

analogues (Levi-Strauss et al_._, 1988; Tsuge et a]_._, 1987). The observed 

gene density, inclusive of 210HB and TNF a, in this haplotype is I/ 20 

kb. The true gene density may be higher, as many tissue specific loci 

(including C2, Bf, C4, 210H, TNF a and s) are not island associated.

Two of the loci mapped close to HTF islands have been identified as 

members of the human HSP 70 gene family by comparison with published 

genomic and cDNA clones (Hunt and Morimoto, 1985; Wu et_ aK_, 1985K One 

of the duplicated genes (HSP 70-1) is known to be functional from 

expression studies (Wu et a!., 1985; Wu and Morimoto, 1985), but the 

transcriptional status of the second locus (HSP 70-2) is unknown.

Another gene (Gil), situated between the factor B and C4A loci, 

produces alternatively spliced transcripts in PMA stimulated U937 cells. 

Both have been sequenced. Neither the nucleotide data, nor the 

polypeptides encoded by putative reading frames, have been found to 

match previously described gene products. Gil may also be of interest in 

understanding deletion and insertion events involving certain 

haplotypes, as a region of homology has been detected between the C4A 

and C4B genes by Southern blot analysis. This may provide an area where 

misalignment of sister chromatids can occur during meiosis, analogous to 

the role suggested for Alu repeats in the a and e globin clusters 

(Henthorn et al^, 1986; Nicholls et al_^, 1987).

7.5 GENE DUPLICATION

Like the class I and II regions of the MHC, the class III region 

contains duplications which give rise to both transcriptionally active 

loci and to highly homologous pseudogenes. Within the complement/ 210H
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gene cluster, the C2 and factor B genes are believed to be derived from 

a common ancestral locus (Morley and Campbell, 1984). Duplication, 

followed by divergence, has produced two proteins with structural and 

functional homologies that perform analogous roles in the classical and 

alternative pathways of complement activation (Reid, 1986). Similarly, 

the C4/ 210H unit is duplicated to give the C4A-210HA-C4B-210HB 

arrangement in haplotypes with the "normal" gene composition. However, 

the haemolytic activities of the C4 isotypes are distinct (Law et al., 

1984; Isenman and Young, 1984), and the 210HA gene is non-functional, 

although highly homologous to the transcriptionally active 210HB gene at 

the nucleotide level (White, et a_l_L» 1986 » Higashi et al^, 1986; 

Rodrigues e_t a1_._, 1987).

Four of the more recently mapped loci also reflect this theme of gene 

duplication: the TNF loci, and the HSP 70 loci. In addition, a partial 

copy of the HSP 70 gene, which includes a portion of the 5' end, has 

been positioned 5 kb telomeric to locus 1.

However, the remaining transcripts mapped to the cloned portion of the 

class III region of MHC appear to represent single-copy gene products. 

As high stringency conditions were used for all hybridisation 

experiments, homology of a similar level to that seen between the C2 and 

factor B genes would have been overlooked. Therefore, until the full 

nucleotide sequences are available, the extent of the theme ofgene 

duplication is unknown.

7.6 THE CLASS III REGION AS A CONSTANT BACKGROUND DOMAIN OF THE MHC

Computer analysis of the class I and class II gene sequences shows 

that they, too, have C+G rich domains at their 5' ends (Tykocinski and 

Max, 1984). It is not known how many of these sequences are methylation
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free, and constitute true HTF islands. In the class I region, at least, 

only some of the rare enzyme sites are cleaved at a chromosomal level 

(Chimini £t jil_._, 1988). However, in conjunction with the results of the 

class III region characterisation, these findings suggest that the MHC 

constitutes a C+G rich chromosomal domain. Other properties of such 

segments of the genome have been determined. They include a high Alu 

content, early DMA replication in the synthetic phase of the cell cycle, 

and a high proportion of housekeeping to tissue specific genes (Comings, 

1978; Bernardi et_ aK_, 1985; Goldman et aK_, 1984; Korenberg and 

Ryowski, 1988). The latter is consistent with the large number of HTF 

islands and ubiquitously expressed transcripts mapped between 210H and 

TNF a.

The high gene density of the portion of the class III region cloned 

and described here, and in particular the large number of HTF island 

associated genes, has several implications for the structure of the MHC. 

Firstly, as most island associated loci are housekeeping genes, 

deletions within the class III region are likely to be deleterious. This 

is especially important if the loci represent single-copy genes. 

Therefore, the total DNA content of the class III region ought to be 

constant in different individuals. With the exception of the C4/ 210H 

gene duplications, this appears to be confirmed from PFGE analysis of a 

variety of cell lines with different extended haplotypes (lan Dunham, 

personal communication). Secondly, the separation between putative genes 

within clusters, for example those mapped to islands 1-4 centromeric to 

TNF a and the region between C2 and 210HB, is very small. Thus, if any 

of these loci prove to be polymorphic, it is more likely that the 

alleles will display strong linkage disequilibrium. This is of relevance 

to the study of HLA disease associations, as discussed below.
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7.7 THE CLASS III REGION AND DISEASE ASSOCIATION

With so many novel loci mapped to the cloned portion of the class III 

region of the MHC, how can this information be used to further our 

understanding of the HLA and disease association? In particular, can the 

characterisation of these newly defined transcripts help to explain the 

aetiologies of diseases for which the predisposing genetic loci are 

unknown? Obviously there are a number of other questions to be answered 

before the relationships with disease can be studied. First of all, the 

transcripts must be analysed to define the putative products, then, the 

functions of these polypeptides have to be determined. At this point, we 

have to search for further characteristics which could be important for 

interpreting the results, and identifying whether the class III loci are 

significant in disease analyses. For example, are any of the products 

polymorphic at the protein or nucleotide levels? If so, can specific 

alleles be equated with extended haplotypes which are shown to be 

increased in the patient population, or, do they subdivide the patients 

from haplotype matched controls? Alternatively, are there tissue 

specific variations in the levels of expression of the gene products? 

Some of the class III products could be structural proteins which are 

present in higher concentrations in some cell types than others. Levels 

may also be increased in response to the developmental status of the 

tissue, or, as a result of physiological stress. The latter could 

interact with the immune system during periods of infection or 

inflammation in such a way as to amplify the extent of tissue damage, or 

initiate an autoimmune response. Are there cases where inappropriate 

under- or over-expression of any of these products lead to a diseased 

state? Perhaps germline methylation of island structures could cause 

novel mutations which prevent transcription of the gene. Finally, are



149

there other tissue specific genes within the class III region? Those 

which exhibit a limited tissue distribution, such as B144 and Gl, are 

expressed in cell lines of tissues known to be involved in the immune 

response. These may help to understand the cellular interactions which 

characterise normal reactions.

If any of these genes are found to be the primary genetic loci for 

some of the HLA related diseases, the next question to ask is, what form 

does the association take? For diseases of a non-immune aetiology, this 

may be answered already by characterising the expression and function of 

the transcript and its product. Defects in metabolic enzymes, receptors, 

and structural proteins mapped to the HLA region of chromosome 6 would 

be sufficient to explain linkage disequilibrium with the class I, II, 

and III alleles which have been used as disease markers. With autoimmune 

diseases, we must look for the nature of the interaction with the immune 

system. Is there a direct role, in the form of a control protein, 

lymphocyte growth factor, or, receptor molecules? Alternatively, are 

other mechanisms, such as molecular mimicry, involved? Precedents for 

the first case are the genes for TNF a and B, which have been mapped to 

the class III region. TNF a has been shown to enhance class I mRNA 

stability and cell surface expression in the presence of interferons 

(Collins, £t lL_, 1986). Furthermore, it can stimulate inappropriate 

class II gene expression when administered in conjunction with 

interferon Y (Pujol-Borrell, 1987), which may suggest a role for the TNF 

gene products in the development of autoimmunity following virally 

induced infections. Indeed, an RFLP in an animal model for SLE has been 

shown to correlate with the TNF genes (Jacob and McDevitt, 1988). In 

addition, if the expression of a specific protein is stimulated during 

infection by viral or bacterial pathogens, cell lysis, followed by the 

liberation of a normally cytoplasmic protein into the patient serum
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might trigger the production of an abnormal humoral response.

An alternative mechanism for the development of auto-reactive 

lymphocytes is that of molecular mimicry. Immunogenic peptides from an 

invading organism may share sufficient homology with stretches of 

protein sequence from a host protein to provoke the clonal expansion of 

cross-reactive T or B cells. Thus, presentation of the host peptides 

elicits an autoimmune response. This has been observed in the case of 

the heat shock proteins, as analogues from different species share a 

high degree of homology (Young ert aj_._, 1988).

At present, very few of these questions have been answered. Of the 

transcripts defined in this study, only two show a limited tissue 

distribution (B144 and Gl), although others appear to display cell line 

specific variations in the levels of expression. Apart from the 

duplicated HSP 70 loci, no gene product has been identified. However, 

future analyses of cDNA and genomic clones should help to elucidate 

their functions, and may yet yield further clues to the molecular basis 

of some of the HLA associated diseases.
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Appendix

(I) A detailed restriction map of the cloned part of the class III 

region of the human MHC. The positions of the genes for 210HB, C4A, 

RD, factor B, C2, HSP 70-1, HSP 70-2, TNFa and TNF3 are shown by the 

open boxes. The 5' to 3' orientations are indicated by the horizontal 

arrows. Sites for all the endonucleases used in restriction mapping are 

shown as vertical bars. Bam HI (M), Bgl II (B), Hind III (H), Kpn I 

(or its isoschizimer Asp 718) (K), Eco RV (V), Xh£ I (X), Sal I ( s ^ and 

Cla I (C). The limits of the cosmid inserts are defined by the 

horizontal bars, and the positions of unique regions of DNA are defined 

by the boxes below the cosmids.

(II) A map showing the positions of the additional loci mappped to the 

cloned portion of the class III region. Where the precise position of 

a gene is known, it is shown as an open box. Where the limits of the 

genomic sequence have not been defined, the probable position of the 

locus is shown by the broken lines. The sites for the infrequently 

cutting endonucleases Not I (N), Nru I (Nr), Pvu I (Pv), Mlu I (Ml), 

Eag I (E), Bss HII (Bs) and Sac II (Sc) are shown as vertical bars. 

Sites which are known to cleave at a chromosomal level are given 

below. The probes used in the analysis are defined by the closed 

boxes.
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Abstract. Phenotypic genetics have established linkage of the genes encoding proteins 

involved in the activation of the complement component C3. C2, factor B and C4, three of 

the structural components of the classical and alternative pathway C3 convertases, are 

encoded by genes which have been mapped to the class III region of the major histocompat- 

ibility complex (MHC) on human chromosome 6. The regulatory proteins factor H, C4BP, 

CR1, CR2 and DAF, which are involved in the control of C3 convertase activity, are 

encoded by closely linked genes, termed the regulators of complement activation (RCA) 

linkage group, that have been mapped to human chromosome 1. cDNA clones for all these 

proteins have been isolated, and this has made it possible to investigate the organization and 

structure of the MHC class III genes and the genes in the RCA linkage group. This short 

review summarizes some of the main features which have emerged from recent cloning 

work.

Introduction structurally and functionally related pro­ 

	teins, many of which are encoded by closely

The application of recombinant DNA linked genes on the same chromosome,

techniques to the study of components of the Activation of the complement system

complement system over the last few years occurs via two pathways, the classical and

has resulted in the cloning of cDNA and in alternative, with the major component C3

most cases genomic DNA encoding these playing a central role in each [Reid and

proteins [Campbell et al., 1988]. In many Porter, 1981; Miiller-Eberhard and Mie-

cases the chromosomal assignment has also scher, 1985; Reid, 1986]. In the classical

been established [Reid, 1985]. These cloning pathway, activation is triggered primarily by

studies have provided information which the binding of Cl toIgG, orlgM, in immune

emphasizes that the members of the comple- complexes [Schumaker et al., 1987]. This

ment system can be divided into families of results in the generation of proteolytic ac-
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tivity in Cl which cleaves and activates C4 
to C4a and C4b. C2 associates with C4b 
and is cleaved by Cl to C2a and C2b, thus 
yielding the C3 convertase C4b2a which 
cleaves and activates C3. Activation of the 
alternative pathway can be mediated by a 
wide range of substances such as high mo­ 
lecular weight polysaccharides found in mi­ 
croorganisms, and also by complexes of 
IgG, IgA and IgE. Efficient activators are 
considered to possess sites for C3b where it 
is protected from control by factor I and its 
cofactors. Factor B associates with C3b, or 
C3(H 2O) (a C3b-like form of C3), and is 
cleaved by factor D to Ba and Bb, thus 
yielding the C3 convertase C3bBb. This 
complex enzyme is stabilized by properdin 
and this causes potentiation of alternative 
pathway activation. The binding of C3b to

C4b2a, or additional molecules of C3b to 
C3bBb, results in the generation of C5 con­ 
vertase which activates C5 and initiates the 
self-assembly of the terminal components 
C5b to C9 involved in membrane lysis 
[Muller-Eberhard, 1986].

Control of the complement system is me­ 
diated in a number of different ways to pre­ 
vent damage to the animal's own tissue. The 
C3/C5 convertases have a short half-life due 
to dissociation of C2a and Bb. In addition 
the activity of the C3/C5 convertases is regu­ 
lated by a number of proteins found in plas­ 
ma, and by membrane-bound proteins and 
receptors [Holers et al., 1985; Sim et al., 
1986; Reid et al., 1986; Kristensen et al., 
1987]. These regulatory proteins include the 
plasma proteins factor H and C4b-binding 
protein (C4BP), and the membrane bound

Table I. Proteins involved in the activation of C3 and C5 [adapted from Law and Reid, 1988]

Generation ofC3/C5 convertase

Classical pathway
Cl-Clqa

Clr
Cls

C4
C2
C3

Alternative pathway
Factor D
Factor B
C3

MW
kd

462
83
83

205
102
185

24
92

185

Plasma

Hg/ml

80
50
50

600
20

1,300

1
210

1,300

concentration

\iM

0.17
0.30
0.30
3.00
0.20
7.02

0.04
2.20
7.02

Chromosome
location
of gene

1
12
12

6
6

19

n.k.
6

19

Enzymic site in
form (+)

activated

(and natural substrate split)

—
+ (Clr, Cls)
+ (C4, C2)
—
+ (C3, C5)
—

+ (B)
+ (C3, C5)
—

a Clq is composed of 18 chains (6A+6B+6C). The genes for the A and B chains are on chromosome 1. The 
gene for the C chain has not yet been mapped.
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Table I (continued)

Plasma proteins involved

Protein MW 
kd

C4-binding 500 
protein

Factor H 150

Factor I 88

in control ofC3/C5 convertase

Plasma concentration Speci-
——————— - ————— ficity 
ug/ml \aM

250 0.45 C4b

480 3.20 C3b

35 0.39 C4b, 
C3b

Chromo­ 
some 
location 
of gene

1

1

4

Role

accelerates decay of C4b2a and 
acts as cofactor in the cleavage 
of C4b by factor I
accelerates decay of C3bBb and 
acts as cofactor in the cleavage 
of C3b by factor I
protease which inactivates C4b 
and C3b with the aid of cofactors 
C4BP, H, CR1 and MCP

Properdin 220 20 0.09 C3bBb positive regulator of the alternative 
pathway which stabilizes the C3/C5 
convertases

Membrane proteins involved in control ofC3/C5 convertase

Membrane MW 
molecule kb

Complement type D 250 ~" 
receptor type 1 type B 220 

type A 190 
type C 160 
(four structural 
allotypes) _,

Complement 145 
receptor type 2

Membrane 45-70 
cofactor protein

Decay- 70 
accelerating factor

Fragment Chromo- Principal roles 
specificity some 

location 
of gene

regulation of C3b breakdown, 
binding of immune complexes 

, ™u ^K • to erythrocytes, phagocytosis,
^ C3b, C4b 1 , r/-T),r*caccelerates decay of C3/C5 

convertases

C3d, C3dg, 1 regulation of B cell functions, 
iC3b Epstein-Barr virus receptor

C3b, C4b n.k. regulation of C3b

C4b2a, 1 accelerates decay 
C3bBb convertases

breakdown

of C3/C5

Major 
human 
cell types 
positive15

E, B, G, M

B

B, T, N, M

E, L, P

b Human cell types: B, B lymphocytes; E, erythrocytes; G, granulocytes; L, leucocytes; M, monocytes; N, 
neutrophils; P, platelets, 

n.k. = not known.
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molecules complement receptor type 1 (CR1), 
complement receptor type 2 (CR2), decay ac­ 
celerating factor (DAF) and probably also 
membrane cofactor protein (MCP). A sum­ 
mary of some of the features of the proteins 
involved in the generation of the C3/C5 con- 
vertases and in the control of C3/C5 conver- 
tase activity can be found in table I.

Investigation of the phenotypic genetics 
of complement components [Hobart, 1984] 
and of inherited deficiencies of the compo­ 
nents [Lachmann, 1984] have established 
linkage of the genes encoding proteins in­ 
volved in the activation of C3. Three of the 
structural components of the C3 conver- 
tases, C2, factor B and C4, are encoded by 
genes which have been mapped to the class 
III region of the major histocompatibility 
complex (MHC) on the short arm of human 
chromosome 6 [Alper, 1981; Campbell et al., 
1986]. Phenotypic genetics have also estab­ 
lished linkage of the genes encoding regula­ 
tory proteins involved in the control of C3 
convertase activity [Rodriguez de Cordoba 
et al., 1985]. This linkage group, termed the 
regulators of complement activation (RCA) 
linkage group, maps to human chromosome 
1 and includes the genes for factor H, C4BP, 
CR1, CR2andDAF.

Several comprehensive reviews dealing 
with the complement system [Miiller-Eber- 
hard and Miescher, 1985; Reid, 1986], the 
genetics of components of complement 
[Reid, 1985; Campbell et al., 1986, 1988], 
and the polymorphism of C2, factor B 
[Campbell, 1987] and C4 [Carroll and Alper, 
1987] have been published recently. This 
short review will summarize some of the 
main features which have emerged from re­ 
cent cloning work. It covers the organization 
and structure of the MHC class III genes and 
the genes in the RCA linkage group.

MHC-Linked Complement Genes

The human MHC is located on the short 
arm of chromosome 6 in the distal portion of 
the 6p21.3 band [Lamm and Olaisen, 1985] 
It consists of three major linked gene clus­ 
ters. The class I loci (HLA-A, -B, -C) encode 
cell surface glycoproteins found on almost all 
nucleated cells [Strachan, 1987], whereas the 
class II loci (HLA-DP, -DQ, -DR) encode 
cell surface glycoproteins found principally 
on B lymphocytes, macrophages and acti­ 
vated T cells [Trowsdale, 1987]. Both class I 
and class II antigens are highly polymorphic 
and act as restriction elements in the recog­ 
nition and interaction of regulatory and ef­ 
fector T lymphocytes with their target cells. 
Analysis of recombinant MHC haplotypes in 
family studies has established that the class I 
loci are telomeric to the class II loci. Within 
the class II region the DP subregion maps on 
the centromeric side of the DQ and DR sub- 
regions, while the order of the loci within the 
class I region is HLA-B, HLA-C, HLA-A, 
telomere.

The first evidence for the existence of 
complement genes within the MHC was pro­ 
vided by Alien [1974] who demonstrated in 
family studies that the electrophoretic poly­ 
morphism of factor B [Alper et al., 1972] seg­ 
regated with the MHC. The linkage of C2 
and of C4 to the MHC followed from the 
description of deficiencies of these proteins 
in plasma [Fu et al., 1974; Hauptmann et al., 
1974; Rittner et al., 1975], and from the 
demonstration of electrophoretic variants 
[Alper, 1976; Hobart and Lachmann, 1976; 
Meoetal., 1977; Teisberg et al., 1976,1977]. 
However, in order to explain the electropho­ 
retic patterns observed for C4, O'Neill et al. 
[1978a, b] proposed a two locus model for 
C4, now referred to as C4A and C4B. Studies
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Fig. 1. Molecular map of the human MHC. a The molecular map has been derived from PFGE and cosmid 
cloning experiments which can be found in Hardy et al. [ 1986], Carroll et al. [ 1987b] and Dunham et al. [ 1987]. 
b Expanded map of the complement and 21 -OHase (21 -OH) loci in the class III region. The solid arrows denote 
the direction of transcription of the genes.

of the inheritance of the polymorphic vari­ 
ants of C2, factor B and C4, and various 
recombinant MHC haplotypes have placed 
the structural genes for these proteins 
(termed the class III genes) between the 
HLA-B and HLA-DR loci [Olaisen et al., 
1983; Lamm and Olaisen, 1985]. However, 
despite a large number of studies [Alper et 
al., 1983] no recombination events have 
been observed between the genes, and this 
was taken to suggest that they were closely 
linked. Further, it was not possible to define 
the order of the genes relative to one anoth­ 
er. The cloning of cDNA for C2, factor B and 
C4 has made it possible to study the genetic 
organization of the corresponding genes.

Molecular Cloning ofC2, Factor B and C4 
The isolation of cDNA clones for C2, fac­ 

tor B and C4 has been achieved through the

screening of liver cDNA libraries with oligo- 
nucleotides synthesized on the basis of the 
known protein sequence. These cDNA clones 
have been used to screen cosmid libraries of 
human genomic DNA to isolate clusters of 
overlapping cosmid clones containing the 
corresponding genes [Carroll et al., 1984b]. 
Characterization of the cosmids revealed that 
the C2 and factor B genes were closely linked, 
and it has since been shown that the tran­ 
scription start-point of the factor B gene lies 
only 421 bp from the polyadenylation site of 
the C2 gene [Wu et al., 1987]. Approximately 
30 kb from the factor B gene are the C4 loci 
which are separated by ~ 10 kb of DNA [Car- 
roll et al., 1984b]. Analysis of the cosmid 
clones using C4A and C4B class-specific syn­ 
thetic oligonucleotides showed that the gene 
encoding C4A lay closer to the factor B gene 
(fig. 1) [Carroll et al., 1984a].
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Congenital adrenal hyperplasia (CAH) 
due to 21-hydroxylase (21-OHase) defi­ 
ciency is an autosomal-recessive genetic 
trait. Close linkage of 21-OHase deficiency 
with HLA was demonstrated by Dupont et 
al. [1977]. Additional studies of families 
with intra-HLA recombinant haplotypes 
confirmed this linkage and suggested that 
the 21-OHase deficiency gene was located 
between HLA-B and HLA-DR [Dupont et 
al., 1980]. Detailed restriction mapping of 
the cosmids containing the complement 
genes revealed the presence of two 21-hy­ 
droxylase genes [Carroll et al., 1985a; White 
et al., 1985]. The genes were mapped to 
within 3 kb of the 3' end of each C4 gene 
(fig. 1). However, only the gene lying 3' to 
the C4B locus, termed the 21-OHase B gene, 
appears to be important in steroid biogene­ 
sis in the adrenal gland. Homozygous dele­ 
tion of the 21-OHase B gene has been de­ 
scribed in some individuals suffering from 
CAH [White et al., 1984]. In addition, DNA 
sequencing of both genes has established 
that, although 97% homologous, the 21- 
OHase A gene is a pseudogene due to delete­ 
rious mutations in the coding sequence [Hi- 
gashi et al., 1986; White et al., 1986; Rodri- 
guesetal., 1987].

The complete primary sequences of C2 
[Bentley, 1986] and factor B [Morley and 
Campbell, 1984; Mole et al., 1984] have 
been derived from cDNA sequencing. Com­ 
parison of the cDNA and amino acid se­ 
quences indicates that they share 42% nu- 
cleotide and 39% amino acid identity. C2 
and factor B perform analogous functions in 
the classical and alternative pathway C3 con- 
vertases. The overall similarity in structure 
and function of the two proteins indicates 
that the C2 and factor B genes arose by du­ 
plication of an ancestral gene, and the two

loci have been maintained in exceptionally 
close linkage. Determination of the factor B 
gene structure has shown that it is 6 kb in 
length [Campbell et al., 1984] and this is sub- 
stantially shorter than the C2 gene which 
spans 18 kb of DNA [Bentley et al., 1985] 
Both genes, however, encode mRNA species 
of similar size. The factor B mRNA is 
~ 2.6kb and the C2 mRNA is ~ 2.9kb. 
Thus the major difference in size of the two 
genes must be due to the C2 gene having lon­ 
ger introns.

The complete primary sequence of C4A 
has been derived from cDNA sequencing 
[Belt et al., 1984]. Comparison with C4B 
cDNA has revealed that the two C4 isotypes 
are >99% homologous. Of the 14 differ­ 
ences which were observed, 12 are clustered 
in a region of the molecule derived from pro- 
teolytic cleavage of C4b by factor I and 
called C4d. These differences cause 9 amino 
acid substitutions. Comparison of the se­ 
quences of 9 different C4A and C4B cDNA 
and genomic clones in the C4d region has 
established the pattern of polymorphism in 
the C4d fragment [Belt et al., 1985; Yu et al., 
1986] and has provided a structural basis for 
the observed serological [see Giles, this vol­ 
ume] and functional differences [Law et al., 
1984; Isenman and Young, 1984] between 
the two C4 isotypes.

The two C4 loci probably arose through a 
single duplication event which encompassed 
~ 28 kb of DNA. They are often referred to 
as locus I and locus II. In general, locus I 
encodes C4A and locus II encodes C4B, 
though exceptions to this are rather com­ 
mon. Although both are transcribed into 
mRNA species of ~ 5.5 kb, a difference in 
the size of the loci has been observed. Long 
C4 genes are 22 kb in length while short C4 
genes are 16 kb in length. Of the C4A genes
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analysed to date all are - 22 kb in length [Yu 
etal., 1986; Schneider et al., 1986; Palsdottir 
et al., 1987b]. One exception to this has been 
suggested by Giles et al. [1987] who found a 
rare haplotype in a French family which 
expresses two C4A allotypes. Examination 
of the C4 genes revealed that a short gene at 
the second C4 locus encoded a C4A protein 
[see Giles, this volume]. However, no short 
C4A gene has yet been defined at locus I. On 
the other hand, C4B genes can be 22 kb or 
16kb in length due to the presence or ab­ 
sence of a 6-7 kb intron about 2.5 kb from 
the 5' end of the gene [Yu et al., 1986; 
Schneider et al., 1986; Palsdottir et al., 
1987b]. Long C4B genes included C4B1 
genes on most C4A3 C4B1 haplotypes and 
also C4BQO alleles. An estimate of the fre­ 
quency of C4B loci with the 6.5 kb intron, 
based on haplotype frequencies, suggests 
they are twice as frequent as C4B loci with­ 
out the intron. The nature of the 6-7 kb 
intron is not known though it has been sug­ 
gested that it could be a member of the long 
interspersed sequences, LINE or LI [Yu et 
al., 1986]. These sequences are repeated 
about 104 times in the haploid genome and 
have homology to retroviral reverse trans- 
criptase (retroposons) [Singer and Skowron- 
ski, 1985]. Although 80% of haplotypes 
carry two C4 loci, differences have also been 
observed in the number of C4 genes present. 
This was originally demonstrated at the pro­ 
tein level where duplication of C4B as C4B1, 
C4B2 was found on the extended haplotype 
B14 DR1 [Raum et al., 1984; Rittner et al., 
1984; Uring-Lambert et al., 1984]. The gene 
frequency has been estimated at 1-2%, 
though this may be an underestimate as 
three new kinds of C4 gene duplication were 
identified in family studies by combined 
protein and RFLP analysis [Schneider et al.,

1986]. Duplication of C4 has also been ob­ 
served from cosmid cloning where three C4 
genes, one C4A and two C4B, were found on 
one haplotype [Carroll et al., 1984a]. Haplo­ 
types with a single C4 gene have also been 
characterized and these will be dealt with 
later in relation to C4 null alleles.

Genetic studies in man have demon­ 
strated deficiency of C2, C4 and in a few rare 
cases heterozygous deficiency of factor B. By 
far the most prevalent disorder is deficiency 
of C2. The incidence of the homozygous 
deficiency is 1 in 10,000 [Agnello, 1978]. 
The C2 deficiency allele is usually found in a 
specific HLA extended haplotype HLA B18 
C4A4 C4B2 BfS C2QO DR2 [Awdeh et al., 
1981], suggesting that most C2-deficient pa­ 
tients will have the same mutation. No ma­ 
jor gene deletion or rearrangement of the C2 
gene has been observed by genomic South­ 
ern blot analysis in individuals deficient in 
C2 [Cole et al., 1985]. A defect at the level of 
transcription of the gene or post-transcrip- 
tional processing of C2 mRNA is the most 
likely reason as no detectable C2 mRNA 
could be found by Northern blot analysis of 
peripheral blood monocyte RNA prepara­ 
tions from C2-deficient individuals.

Complete deficiency of C4 in man is a 
rare disorder, and only 16 cases have been 
reported [Hauptmann et al., 1986]. Homozy­ 
gous C4 deficiency is associated with differ­ 
ent HLA haplotypes suggesting that different 
mutations may have occurred. Three com­ 
plete C4-deficient patients have been ana­ 
lysed by Southern blot analysis [Hauptmann 
et al., 1987]. All 3 patients had C4A genes 
present, 2 showed deletion of C4B genes, 
while the third appeared normal at the DNA 
level with two C4 loci on each haplotype. 
This clearly demonstrates that the complete 
absence of C4 in plasma is due to abnormal-
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ities in transcription or translation of the 
genes, in addition to single gene deletions.

Occurrence of null alleles in the popula­ 
tion at either locus defined by the absence of 
C4A or C4B in plasma is much more com­ 
mon. Gene frequencies of 5-15% for 
C4AQO alleles and 10-20% for C4BQO al­ 
leles [Schendel et al., 1984; Partanen and 
Koskimies, 1986] have been estimated. 
About half of the null alleles are due to dele­ 
tion of the gene usually together with the 
flanking 21-OHase gene [Carroll et al., 
1985b; Schneider et al., 1986]. These single 
C4 gene haplotypes can be of three types: 
long, expressing C4A protein; long, express­ 
ing C4B protein; or short, expressing C4B 
protein. In other situations where the null 
allele is present, defects in transcription or 
translation as discussed above will be the 
cause of the absence of C4 protein. How­ 
ever, another possibility is that some of the 
genes are transcriptionally active, but en­ 
code products similar to the adjacent locus. 
This may be the case for the C4BQO allele 
on the HLA haplotype B44 C2C BfS C4A3 
C4BQO DR6. Yu and Campbell [1987] were 
able to define an RFLP using NlalV which 
distinguishes alleles encoding the C4A or 
C4B isotypes. It was found that the C4BQO 
allele had an RFLP pattern consistent with 
it encoding a C4A isotype. It was suggested 
on the basis of the phenotypes expressed by 
the individuals concerned that the C4BQO 
allele probably encoded another C4A3 allo- 
type.

Haplotypes expressing two different C4A 
allotypes, e.g. C4A3 C4A2 or C4A5 C4A2 
with a null allele at the C4B locus, have been 
found in several studies [Raum et al., 1984; 
Uring-Lambert et al., 1984]. It was suggested 
that they may be due to unequal crossover 
between homologous chromosomes, result­

ing in duplication of the C4A locus and dele­ 
tion of the C4B locus [Rittner et al., 19341 
In a detailed Southern blot analysis of such 
haplotypes by Palsdottir et al. [ 1987a] it was 
found that both loci are present as normal 
but that the second (or C4B) locus encodes a 
C4A protein. However, in another example 
of a C4A3 A2 BQO haplotype studied by 
Giles et al. [1987] the presence of three C4 
loti has been postulated to account for the 
intensities of fragments seen in Southern 
blot analysis.

Molecular Mapping of the HLA Class III
Region
A number of studies have been arried 

out to try and define the position and orien­ 
tation of the complement genes in the 
class III region, but the results have been 
contradictory [see Lamm and Olaisen, 
1985]. Whitehead et al. [1985] using deletion 
mutant cell lines and a C4 probe were able to 
physically map the C4, and thus the C2 and 
factor B genes between HLA-B and HLA- 
DR, and suggested on the basis of the num­ 
ber of cell lines which lost or retained the C4 
loci that the complement cluster may be 
closer to HLA-B than HLA-DR. However, in 
two recent studies in families with recombi- 
nant HLA haplotypes the complement loci 
segregated more frequently with HLA-DR 
suggesting that they may be closer to the 
class II region than the class I region [Robin­ 
son etal., 1985; Yunisetal., 1985]. Although 
clusters of overlapping clones have been iso­ 
lated from the subregions of the class II re­ 
gion [Trowsdale, 1987] and from the class III 
[Carroll et al., 1984b; Dunham et al., 1987] 
and class I [Strachan, 1987] regions, they 
have not yet been linked by chromosomal 
walking procedures. Recent advances, how­ 
ever, in the separation of large DNA frag-
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ments by gel electrophoresis have made it work. However, three different HLA haplo-
possible to establish the physical linkage of types have also been studied and it remains
loci separated by hundreds of kilobases. possible that actual differences in fragment
Pulsed field gel electrophoresis (PFGE), orig- size exist due to RFLPs and/or insertions or
inally developed by Schwartz and Cantor deletions of DNA.
[1984], can be used to separate DNA frag- In order to orientate the complement loci 
ments up to 9,000 kb [Anand, 1986]. Such it was necessary to isolate further overlap- 
large DNA fragments can be generated from ping cosmid clones as none of the restriction 
mammalian genomic DNA by restriction en- enzymes used in the PFGE analysis were 
zymes that cut rarely in the genome. Suitable found to cut between these genes. A series of 
rare-cutting enzymes are those with 6- or 8- overlapping cosmids extending from the C2 
base pair recognition sites that contain one or gene were mapped for NotI, Mlul, Nrul, and 
more CpG dinucleotides since CpG is known Clal and this revealed a cluster of sites (three 
to be underrepresented in bulk mammalian Mlul, two Clal, one Nrul and one NotI) in a 
DNA [Bird, 1986]. In addition, many en- 25kb region ~25kb from the transcrip- 
zymes with CpG in their recognition se- tional start site of the C2 gene [Dunham et 
quence appear to be sensitive to cytosine al., 1987]. A new single-copy hybridization 
methylation [Brown and Bird, 1986], and probe distal to this cluster of sites and the C2 
this decreases the frequency at which these gene was isolated. This probe hybridizes to a 
enzymes cut in the genome. Thus large DNA NotI fragment of ~ 210 kb and not the 
fragments generated with these enzymes can 980 kb NotI fragment containing the com­ 
be separated by PFGE, and Southern blot plement and DRa loci. Since the exact posi- 
hybridization analysis can be performed with tion of the NotI site that is cleaved in ge- 
probes from the area of interest to construct nomic DNA is known from the cosmid map, 
long-range genomic restriction maps. this established that the C2 gene lies telo- 

Recently these procedures have been ap- meric to the 21-OHase B gene [Dunham et 
plied to the molecular mapping of the hu- al., 1987]. The results of further single and 
man MHC [Ragoussis et al., 1986; Hardy et double digests established that the class III 
al., 1986; Lawrance et al., 1987; Carroll et region spans ~ 1,100 kb and that the C2 
al., 1987b, Dunham et al., 1987]. Physical gene lies ~ 650kb from the class I region, 
linkage of the class II and class III loci was while the 21-OHase B gene lies ~300- 
established in a NotI fragment of ~ 980 kb 360 kb from the class II region (fig. 1). The 
[Dunham, et al., 1987]. This fragment is physical size of the class III region is similar 
digested with Nrul to yield a fragment of to that estimated from genetic recombina- 
700kb that hybridizes with the DQa and tion data (1 cM) assuming 1 cM = 1,000 kb. 
DRa probes, and a fragment of 280 kb which Analysis of deletion mutant cell lines has 
contains the complement loci. It should be recently established linkage of the genes en- 
noted that the size of the NotI fragment has coding the cytokines tumour necrosis factors 
been estimated by others to be 920-1,000 a and P to the MHC [Spies et al., 1986], but 
kb. The difference in the estimation of the it was not possible to determine their exact 
size of this fragment probably reflects the use location. A number of studies using PFGE 
of different apparatus in the pulsed field have established that the TNFa and (3 genes
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Fig. 2. Molecular map of the mouse H-2 region, a The molecular map has been derived from PFGE and 
cosmid cloning experiments which can be found in Chaplin [1985] and Miiller et al. [1987b]. b Expanded map of the complement and 21-OHase (21-OH) loci in the S region. The solid arrows denote the direction of 
transcription of the genes.

are linked to the HLA-B locus [Carroll et al., The linkage of the C2, factor B and C4 
1987b; Dunham et al., 1987; Inoko and genes to the human MHC appears not to be 
Trowsdale, 1987; Ragoussis et al., 1988], fortuitous, as they have been mapped to the 
and lie between HLA-B and the C2 gene MHC of a number of other animal species 
(fig. 1). Estimates of ~ 250kb have been including frog. Of these, the best character- 
suggested for the distance between the TNF ized is the mouse H-2 complex where an 
genes and HLA-B, and these are in reason- analysis by cosmid cloning [Chaplin, 1985] 
able agreement with the 210kb which has and PFGE [Miiller et al., 1987b] has re- 
been established through cosmid walking vealed that the organization and orientation 
[cited in Carroll et al., 1987b]. of the complement loci is the same as that in 

Further analysis by PFGE using a number man (fig. 2). The single C2 and factor B 
of class I and class II probes has established a genes were found to be closely linked [Chap- 
long-range map of the MHC (fig. 1). This lin, 1985] and to lie ~50kb from two C4- 
indicates that the MHC could span 3-4 Mbp like genes separated by ~ 80 kb. It was later 
of DNA [Carroll et al., 1987b; Dunham et established that the gene closest to factor B 
al., 1987], which represents about 1/750 of encoded Sip [Chaplin et al., 1986]. Two 
the human genome. This is in good agree- genes encoding 21-OHase were also placed 
ment with the overall size of the MHC of 3-4 immediately 3' of the Sip and C4 genes, 
cM which has been suggested from studies of respectively; in contrast to the situation in 
recombination events in families and popu- humans, however, it is the 21-OHase A gene 
lation data on linkage disequilibrium that is important in steroid biogenesis 
[Lamm and Olaisen, 1985]. [Chaplin et al., 1986].
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Estimates based on PFGE placed the C4 
gene ~ 420 kb from the Ea gene, and the C2 
gene at least 470 kb from H-2D [Miiller et 
al., 1987b] (fig. 2). Although genes for TNFa 
and P were shown to lie between the C2 and 
H-2D genes [Miiller et al., 1987a], they are 
only 70 kb from the mouse class I gene com­ 
pared with ~ 250 kb for the analogous genes 
in the human MHC.

One of the interesting features of the 
genes in the class III region is that they are 
organized in pairs of related genes and have 
the same 5' to 3' orientation. The C2 and 
factor B genes probably arose through dupli­ 
cation of an ancestral gene. However, the 
marked divergence of the intron lengths be­ 
tween the two genes and the fact that the two 
gene products share only 39% sequence 
identity suggests that the duplication oc­ 
curred a considerable time ago. The TNFa 
and P genes also probably arose through du­ 
plication. The two genes are only 1.1 kb 
apart, and they are of similar size. However, 
the two genes differ significantly in the 5'- 
untranslated sequence and in the region en­ 
coding the signal peptide. In addition, they 
share only 35% sequence homology which 
again suggests that the duplication occurred 
a considerable time ago.

The finding of two 21-OHase genes 
closely linked to the two C4 genes suggests 
that the ancestral 21-OHase gene became 
linked to the ancestral C4 gene prior to du­ 
plication. Comparison of the C4A and C4B 
coding sequence has shown that they differ 
by less than 1%. The 21-OHase genes are 
also highly homologous and differ by only 
about 3%. The strong homology of these two 
sets of genes suggests that they have only 
recently duplicated. The duplication may 
have occurred after mammalian speciation, 
as only single C4 genes, and presumably

also single 21-OHase genes, have been ob­ 
served in the guinea pig and the Syrian ham­ 
ster.

Based on the density of genes which have 
been identified in the cloned portions of the 
MHC it is highly likely that other genes will 
be defined in the large regions of DNA sepa­ 
rating the class I, II and III loci. One such 
gene may be neuraminidase which has been 
mapped to the S region of the mouse H-2 
complex, and may also be linked to the hu­ 
man MHC. Given that duplication is a gen­ 
eral theme of the evolution of the genes in 
class III region it is likely that other dupli­ 
cated loci will be located in this region.

RCA Linkage Group

Control of complement activation is ex­ 
erted at a number of levels to ensure that 
overactivation of the system does not occur. 
One of the levels of control is the presence in 
plasma and on cell membranes of a number 
of control 'cofactor proteins' [Holers et al., 
1985]. These cofactors form noncovalent 
complexes with the activation fragments of 
C3 or C4 (C3b or C4b) such that C3b or C4b 
in the complex can be cleaved by the serine 
protease factor I. Once C3b or C4b have 
been proteolytically cleaved by factor I they 
are unable to interact with factor B or C2, 
respectively, to form functional C3 conver- 
tase. The proteins which interact with C3b 
or C4b either to cause dissociation of the C3 
convertase and/or to mediate breakdown of 
C3b or C4b include factor H, C4BP, CR1, 
CR2, MCP and DAF (table I).

The linkage of the genes encoding factor 
H, C4BP and CR1 was established by the 
definition of genetic polymorphism in these 
proteins, which has been demonstrated by
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electrophoretic techniques. Three forms of 
C4BP have been identified by IEF of neur- 
amidase-treated EDTA plasma and family 
studies have indicated the Mendelian inheri­ 
tance of the forms [Rodriguez de Cordoba et 
al., 1983; 1984; Rodriguez de Cordoba and 
Rubinstein, 1987]. The results were taken to 
suggest the presence of three alleles at a sin­ 
gle autosomal locus. The same technique has 
also demonstrated five factor H variants 
[Rodriguez de Cordoba and Rubinstein, 
1984, 1987], which were shown to be inher­ 
ited in Mendelian fashion and to be alleles at 
a single locus. The CR1 locus is also poly­ 
morphic and determines at least four alleles 
[Dykman et al., 1983, 1985; Wong et al., 
1983]. However, CR1 exhibits an unusual 
form of polymorphism in which allotypic 
variants that vary in molecular weight have 
been identified on human erythrocytes and 
leukocytes by SDS-PAGE. Analysis of the 
genetic variants of C4BP and CR1 in three 
pedigrees informative for the segregation in­ 
dicated no recombination suggesting close 
linkage of the loci [Rodriguez de Cordoba et 
al., 1984]. Family segregation data of the 
genetic variants indicated that the factor H 
gene was linked to the C4BP and CR1 genes 
[Rodriguez de Cordoba et al., 1985]. Subse­ 
quently the gene encoding DAF was also 
mapped close to the factor H, CR1 and 
C4BP genes [Rey-Campos et al., 1987], and 
studies using cDNA probes have shown that 
the genes lie on human chromosome 1.

Molecular Cloning of Factor H, C4BP,
CR1, CR2 and DAF
cDNA clones for factor H, C4BP, CR1, 

CR2 and DAF have been reported. In most 
cases they were isolated from the appro­ 
priate cDNA libraries using mixed synthetic 
oligonucleotides based on the available pro­

tein sequence. In one instance, a CR2 cDNA 
was isolated using the CR1 cDNA under less 
stringent hybridization conditions [Weis et 
al., 1986], illustrating the high degree of ho- 
mology between these proteins. Complete 
derived amino acid sequences are now avail- 
able for all these proteins. Although they dif­ 
fer markedly in size, their structures are 
highly homologous and contain contiguous 
units each of 60 amino acids long [Reid et 
al., 1986]. These repeating units, termed 
short consensus repeats (SCR), are based on 
a framework of 4 cysteine residues, together 
with highly conserved tryptophan, glycine 
and proline residues. Further, these repeat 
units are homologous to repeat units found 
in C2 and factor B, and also in a number of 
noncomplement proteins, illustrating their 
widespread distribution. A fuller description 
of the SCR and the proteins which contain it 
can be found in the article by Bentley [this 
volume].

The cDNA probes for C4BP, factor H, 
CR1 and DAF have been used in genomic 
Southern blot analysis to estimate the size of 
the genes, and have also been used to isolate 
the C4BP and CR1 genes from lambda ge­ 
nomic libraries. In man a single C4BP gene 
of ~ 30 kb has been reported [Lintin and 
Reid, 1986; Lintin et al., 1987], and also a 
single DAF gene of ~ 35 kb [Stafford et al., 
1987]. Preliminary analysis of the factor H 
gene suggests that it is likely to be 80-110 kb 
in length [McAleer et al., 1987], and a related 
gene or pseudogene may also be present. The 
CR1 gene spans about 140kb of DNA 
[Wong et al., 1987], and restriction enzyme 
mapping and Southern blot analysis of over­ 
lapping genomic clones have determined the 
basis of the size polymorphism observed be­ 
tween the CR1-A and CR1-B allelic variants. 
The CR1 gene is composed of homologous
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genomic segments which encode long ho­ 
mologous repeats (LHR). The LHR is com­ 
posed of 7 SCRs and large portions of the 
LHRs show up to 99% identity [Klickstein et 
al., 1987a, b]. The CR1-B (or S) allele con­ 
tains 5 distinct segments of 15-25 kb, each 
encoding a LHR, while the CR1-A (or F) 
allele contains 4 segments [Wong et al., 
1987]. It appears that one of the LHR ge­ 
nomic segments has duplicated in the CR1-A 
allele to generate the CR1-B allele. The other 
allelic size variants of CR1 are also probably 
due to the loss or gain of coding sequence of 
1LHR.

Molecular Mapping of the RCA Locus 
Linkage analysis of allotypes of C4BP, 

factor H and CR1 indicated that they are 
closely clustered. Analysis of human-mouse 
somatic cell hybrids using cDNA probes for 
C4BP and factor H indicate that the genes 
are located on chromosome 1 [Reid et al., 
1986]. In situ hybridization studies have 
placed the CR1 and CR2 genes on the long 
arm of chromosome 1 in the q32 region 
[Weissetal., 1987].

Recently the technique of PFGE has been 
used to determine the organization of these 
genes in man [Carroll et al., 1987a; Rey- 
Campos et al., 1988]. Four of the 5 genes 
were found to be clustered in a common 
Notl/NruI fragment of ~ 950kb. Further 
analysis using Notl/MluI double digestion 
indicated that the genes could be split into 
two clusters, one containing the CR1 and 
CR2 genes in a 450-kb fragment, while the 
second contains the DAF and C4BP genes in 
a 500-kb fragment. It was also suggested that 
the CR1 gene is at least 150 kb in length and 
lies within 50 kb of the CR2 gene. No infor­ 
mation is yet available on the position of the 
factor H gene relative to the CR1, CR2, DAF

and C4BP genes. Although on chromosome 
1 the genetic data of Rodriguez de Cordoba 
et al. [1985, 1986] suggest that it could lie 
some 5-10 cM from this cluster of genes.
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