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Abstract

The Gene Structure and the Polymorphism of 
the Human Complement Component C4

Chack-yung Yu Trinity College, Oxford 
Submitted for the degree of D. Phil. Trinity term, 1987

1. The DNA sequence of the human complement C4A gene from a 
cosmid clone Cos 3A3 was determined and the complete exon-intron 
structure elucidated. The 5' flanking region of the C4 gene 
contains three TATA sequences and a transcriptional enhancer core 
sequence, which are >200 nucleotides (nt) and 60-70 nt upstream 
from the CAP site, respectively. The gene consists of 42 exons 
coding for a precursor protein of 1745 residues. The first exon 
codes for a 51 nt 5' untranslated sequence, a leader peptide of 
19 residues, and the N-terminus of the £ chain. The 0-«* and the 
«<-y chain junctions are encoded by exons 17 and 34, respectively. 
The anaphylatoxin C4a and the thiolester site are encoded by 
phase 1-1 symmetrical exons. Most of the amino acids encoded at 
the splice junctions are polar or charged. Between exons 10 and 
11 is a 6-7 kb intron that is flanked by direct long terminal 
repeats and may be absent in some C4 genes located at the second 
C4 locus. The last exon codes for the C-terminus of the y chain 
and a 140 bp 3' untranslated sequence. The intergenic region 
between the C4 gene and its neighbouring 21-hydroxylase (210Hase) 
gene is "3028 bp.

2. Eighteen polymorphic amino acids on C4 have been identified 
through genomic DNA, cDNA and protein sequencing. Fourteen of 
them are located on the* chain (C4a: 2 changes; C4d: 1«L changes). 
The rest are scattered on the @ and the ^ chains. There are 
potential size variations by one residue on the 0 chain, and by a 
tripeptide that contains a sulphation site on the oc chain.

3. Four common and rare C4 alleles have been cloned from 
individuals whose C4 proteins were chemically and serologically 
characterised. Analysis of the sequences at the C4d regions has 
allowed the identification of the C4A/C4B isotypic residues at 
positions 1101-6: C4A has the sequence PCPVLD, while C4B has the 
sequence LSPVIH. Presumably these isotypic residues are the 
cause of the class-specific, differential chemical reactivates. 
Moreover, the probable locations for the two Eodgers (Kg) and the 
six Chido (Ch) antigenic determinants were deduced. The C4B 
isotypic residues may be involved in the expression of the Ch2 
and the Ch4 epitopes, while the C4A isotypic residues may not be 
related to either of the Eg determinants.

4. Definitive restriction fragment length polymorphisms (RFLPs) 
representing the exact locations responsible for the isotypicity 
between C4A and C4B, and for their generally associated Rgl and 
Chl antigenic determinants, have been designed. In combination 
with the Taq I polymorphic patterns specific for the C4 and for 
the 210Hase gene loci, it has been shown that the null allele of 
the HLA haplotype B44 DR6 C4A 3 C4B QO is not a C4B allele, but 
probably encodes another C4A 3 allotype at the second C4 locus.
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ABBREVIATIONS

Standard abbreviation and symbols recommended by the 

IUPAC-IUB Commission on Biochemical Nomenclature have 

generally been used. Activated components are indicated by a 

bar, e.g. Cl. Non-standard abbreviations are described below

a. a.

bp

BSA

C4bp

cDNA

Ch

CR1

DAF

ddNTP

dNTP

DTT

EDTA

EM

EtOH

amino acid

i -macroglobul in

base pairs

bovine serum albumin

C4b binding protein 

complementary DNA

Chido

complement receptor 1 

decay accelerating factor 

dideoxynucleos ides triphosphate 

deoxynucleoside triphosphate

dith iothreitol

ethylenediaminetetraacetic acid (disodium

salt)

electron microscopy

ethanol

HLA human leukocyte antigen 

IgG, etc. Immunoglobulin G, etc.

kb

LHRs

MAC

MCP

MHC

kilobases

long homologous repeating units 

membrane attack complex 

membrane cofactor protein 

major histocompatibi1ity complex



Mol. wt

mRNA

n. c.

nt

NTP

OD

PEG

PIPES

rATP 

RFLP

RNA

SC01

SCR

SDS

s. j .

SLE

ssDNA

TEMED

Tris

molecular weight

messenger RNA

non-coding

nucleotide

ribonucleoside triphosphate (N = A, G, C or T)

optical density

polyethylene glycol

piperazine-N-N'-bis (2-ethane-sulphonic

acid)

adenosine triphosphate

restriction fragment length polymorphism

Rodgers

ribonucleic acid

complotype: factor B S, C2 C, C4A QO, C4B 1

short consensus repeating units

sodium dodecyl sulphate

splice junction

systemic lupus erythematosus

sonicated salmon sperm DNA

N,N,N',N'-tetramethy1ethylenediamine

tris (hydroxymethyl) aminoethane
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CHAPTER ONE 

INTRODUCTION

1. 1 General introduction

The structural genes for the human complement components 

C4, C2 and Factor B are located in the class III region of the 

human major histocompatibi1ity complex (MHO. These class III 

gene products exhibit various degrees of polymorphism and that 

of C4 is the most complex and fascinating.

There are two isotypes of C4, C4A and C4B, which have 

different haemolytic activities. They are related to the 

plasma and the erythrocyte antigens: the Rodgers (Rg) antigen 

to C4A and the Chido (Ch) antigen to C4B. Based on the 

differences of the electrophoretic mobilities due to 

variations in charge and molecular weight (mol. wt.), ~10 to 

20 allotypes have been detected in each isotype. Some of the 

allotypes have lower reactivities as compared with others of 

the same isotypes. Furthermore some rare variants express the

reversed association with the Rg/Ch antigens. One puzzling
k**#n Uu&&jb ai+y.**. 

phenomenon in the studies of the genetics of the HLA is the
A

increased frequency of some specific haplotypes to many 

hereditary and/or autoimmune diseases. Some HLA genes are in 

linkage disequilibrium. The extensive polymorphic pattern of 

human C4A/C4B can be used as a useful genetic marker to follow 

the inheritance of these diseases, and may also help to trace 

the origin of the HLA-related diseases, in parallel with the 

studies on class I and class II products. Whether the 

polymorphism of C4 and those of the HLA class I and class II 

products are interrelated in the network of immune response is



unknown.

Another interesting aspect of the C4 molecule is its 

covalent binding ability to nearby molecules, after 

activation, through the formation of amide or ester bonds. 

This is due to the presence of a labile thiolester bond, which 

is also present in complement component C3, and the protease 

inhibitor o£2 macroglobulin. During the activation of C4, a 

small peptide of 77 amino acid residues, C4a, is released. 

This peptide is an anaphylatoxin. A similar event is also 

observed during the activation of C3 and C5, but not in <£' 2 

macroglobulin. Structural studies have suggested that C4, C3, 

C5 and of2 macroglobulin are evolutionarily related, although 

they have different biological roles, and their corresponding 

genes are located on different chromosomes in man.

In 1983, the human complement C4 genes were cloned 

(Carroll and Porter, 1983). The DNA sequence of a C4 cDNA and 

the precise locations of the C4 genes with respect to the C2 

and factor B genes were elucidated in the subsequent year 

(Belt et al., 1984; Carroll et al., 1984a). This opened up the 

study of the genetics and polymorphism of C4 at the molecular 

level.

In 1977, it became clear that eukaryotic genes are split 

by intervening non-coding sequences or introns. Gilbert (1978* 

1985), Go (1981) and Blake (1979) proposed that the coding 

sequences in pieces, i.e. exons, may reflect that proteins are 

also in pieces. In other words, exons may be related to 

domains, sub-domains, modules or secondary folding of a

protein. New proteins may be evolved from a combination, or

2



shuffling of exons from other existing proteins. Thus, 

determination of the exon/intron structure of a gene may help 

to trace the evolution of a protein and its relationship with 

other proteins. Together with the 3-dimensional protein 

structure, it may help to correlate the structure and function 

of a protein with greater confidence.

The genomic sequence of a human C4A gene was determined 

in this work. The primary objective was to elucidate the 

exon/intron structure of the C4A gene, with reference to the 

cDNA sequence. It was hoped that this would also provide 

background information for further studies on the polymorphism 

of human C4: to elucidate the molecular basis of the isotypic, 

antigenic and allelic differences and for the exploration of 

the origin of some HLA-linked genetic diseases.

1.2 The complement system

1.2.1 Introduction

The complement system is the principal effector mechanism 

of vertebrates in the immune defence against infection by 

microorganisms. Activation products of the complement 

components cause lysis of cellular antigens, attract 

phagocytic cells to the site of activation, facilitate uptake 

and destruction of the complement activators by the 

phagocytes, and solubilize immune complexes by regulating 

their size and promote clearance via the liver. The complement 

system in human plasma is activated in response to the 

formation of antibody-antigen complexes, or the entry of 

various types of foreign material into the circulation or



tissue spaces. Various aspects of the human complement system 

have been reviewed by Reid and Porter (1981); Reid (1983, 

1986); Porter (1983, 1984, 1985); Campbell et al., (1986), 

Lachmann (1979, 1984); Lachmann and Hugh-Jones (1984); 

Lachmann and Hobart (1985); Cooper (1985); Muller-Eberhard 

(1986); Fearon and Wong (1983); Roos and Medof (1985); Sim et 

al., (1986).

There are two pathways of activation, i.e. the classical 

and the alternative pathways, involving more than 13 

components. A schematic presentation of the complement 

activation pathways is shown in Fig. 1.1. In both cases the 

common feature is a sequence of proteolytic cleavages of 

zymogens to active components, resulting in the assembly of a 

metastable, multi-component C3 convertase, which has 

equivalent specificity but different compositions. C3 

convertase activates C3, which binds to the enzyme complex and 

changes its specificity to that of C5 cleavage. The classical 

pathway C5 convertase is C4b2a3b and that of the alternative 

pathway is C3bBbC3b. In both C3 and C5 convertases, the 

enzymic components lie in the homologous protein fragments, 

C2a and Bb. The convertases are anchored to the surface of 

the target cells via covalent ester or amide bondings from C3b 

and C4b. Upon activation of C5, five proteins, C5b, C6, C7, C8 

and C9, interact in a sequential manner and form the 

macromolecular organisation known as the membrane attack 

complex (MAC). MAC will form a transraembrane channel and lyse 

the target cell.

Activation of the two complement pathways can be achieved



Fig. 1. 1 Main steps in the activation of the classical and 

alternative pathways of complement

Proteins which interact with C3b, or C4b, are enclosed in 

boxes. Enzymically active components are denoted by asterisk 

( After Reid et al., 1986)
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in an antibody dependent and an antibody-independent manner. 

The classical pathway is generally triggered by antibody- 

antigen complex. The components involved include the Cl 

complex (i.e. Clq, Clr and Cls), C2 and C4. The alternative 

pathway can be initiated secondarily by the classical pathway, 

but it can also be triggered independent of antibody by 

foreign polysaccharides such as those found on bacterial and 

yeast cell walls. It is thought that the alternative pathway 

of complement activation forms the first line of defence 

against infection prior to an immune response. The complement 

components involved in the alternative pathway are factor D, 

factor B and C3b. A positive feedback amplification loop is 

present in this pathway so that the activation process can be 

very rapid and efficient. It results in attachment of a large 

number of C3b to the activator surface. This surface bound C3b 

reacts with a variety of cells bearing specific receptors and 

thus promote the adherence phase of phagocytosis.

The precise control of both activation pathways is very 

important as excessive activation may cause tissue damage, and 

inefficient activation will slow the dissolution and removal 

of immune aggregates, resulting in lupus diseases. The fine 

control mechanism is mediated by seven humoral and many 

membrane-bound regulatory proteins or receptors at various 

stages of activation.

Inherited deficiencies in most of the complement proteins 

have been reported. Individuals deficient in complement 

proteins suffer a variety of diseases with different 

severities. Patients with inherited deficiency in C3 are



subject to recurring bacterial infection. This emphasises 

again the importance of the complement system.

1.2.2 The classical pathway

1.2.2.1 The Cl complex 

Activation

The classical pathway of complement activation is 

triggered by the binding of Cl to immune complexes, or 

aggregates containing IgGl, IgG2, IgG3 and IgH. It can also 

be activated independently of antibodies by a variety of 

polyanions, small polysaccharides, retroviruses, mitochondrial 

membranes, etc. (reviewed by Cooper, 1985). The activation 

mechanism by antibody-antigen complexes is well-studied and is 

briefly described as follows.

Cl is a multi-molecular complex consisting of two loosely 

interacting entities; Clq , the recognition subunit, and the 

catalytic subunit which is a calcium-dependent, tetrameric 

association of two serine proenzymes, Clr and Cls. Binding of 

Cl to various activators is mediated by Clq which serves as an 

allosteric effector for the activation of Clr and Cls. 

Activation of the catalytic subunit is a two-step process: (1) 

autolytic activation of proenzyme Clr to its active from Clr; 

and (2) conversion of proenzyme Cls to Cls by Clr. Cls will 

subsequently activate C4 and C2 to form the classical pathway 

C3 convertase. Thus Clr works as a bridge in transferring the 

activation signal (i.e. the fixation of Clq on activating 

agents) into an enzymic activity (on Cls). Binding of Clq to 

IgG is through the globular heads of Clq to the C H 2 domain of



IgG, presumably through ionic interactions. Divalent binding 

to the Clq molecule by two IgG molecules is necessary to 

activate the Cl complex.

Clq

The Clq molecule is made up of three types of similar 

polypeptides, A, B, and C, each about 225 amino acid residues 

in size. Clq is composed of 18 polypeptide chains with a 

composition of 6A, 6B and 6C. These peptide chains forms 6 

A-B and 3 C-C dimers through disulphide bridges. Based on data 

from biochemical and electronmicroscopic analysis, Reid and 

Porter (1976) proposed a structural model for the Clq molecule 

(Fig. 1.2). The A, B, and C chains together form a collagen- 

like structure at the N-terminal portion and a globular head 

at the C-terminal regions. Two of these ABC triplets are 

connected together to form a structural subunit by disulphide 

linkages through the two C chains. Three of these structural 

subunits assemble through non-covalent interactions to form 

the 'tulip-like 1 structure of Clq. The collagen-like triple- 

helix is due to the presence of the collagen-specific, 

repeating amino acid sequences (i.e. Gly-X-Y) at the N- 

terminal regions of the A, B and C chains. About halfway along 

the length of each collagen region, the repeating units are 

interrupted and thus the triple helical structure may be 

disrupted. This disruption corresponds to the place where the 

helical structure bends to form the 'tulip-like* structure. 

Interestingly, this position also corresponds to the exon- 

intron splice junction of the Clq B-chain gene, which contains 

only a single intron (Reid, 1985).



Fig 1.2 Structure of human Gig

The wavy line represents the proposed triple helix section, i.e. 

collagen-like and fibril-like end-piece. Solid line, towards the 

reader; dotted line, away from the reader. (After Reid, 1986).



STRUCTURE OF HUMAN C1q
6A + 6B + 6C Chains 

(each approx. 23000 mol. wt.)

Reduction | or Oxidation

18 chains

c 

c 9 Subunits 
(6A-B dinners 
+ 3C-C dimers)

N-Terminal Collagen-like regions Non-collagen-like 
non-collagen-like of 78 residues regions of 103-108 

regions of 2-8 | residues
residues i / (

Globular
C-Terminal

regions
3 Structural 

units

J 3
Helical ends of structural units 
form fibril to yield intact molecule

Region of the molecule 
thought to be left intact 
after collagenase 
digestion ie the globular 
peripheral portions.

Region of molecule thought to be left intact 
after pepsin digestion at pH 4.4 ie, the six 
connecting strands plus fibril-like end-piece.

(a) 4.5 nm



Clr and Cls

Clr and Cls are homologous molecules because they share 

about 45% identity in amino acid sequence (Carter et al., 

1984) and similar domain structures viewed under the EH. Both 

Clr and Cls are serine proteases. They interact in a calcium 

dependent manner to form the tetrameric structure, Cls-Clr- 

Clr-Cls. On activation, the two non-covalently bound Clr 

zymogen polypeptide chains have intrinsic and specific 

proteolytic activity for a peptide bond on the adjacent 

subunit (Clr), thus forming the disulphide-1inked A and B 

chains. Enzymic activity resides on the smaller B chain. Cls 

is the only physiological substrate of Clr. C2 and C4 are the 

only substrates of Cls. A functional model for the structure 

of the Clr and Cls tetramer and their interaction with Clq has 

been proposed by Colomb and coworkers (Colomb et al., 1984; 

Arlaud et al., 1987a).

The complete amino acid sequence of Clr has been 

established by protein sequencing (Arlaud and Gagnon, 1983; 

Arlaud et al., 1987b) and confirmed by derived cDNA sequences 

(Journet and Tosi, 1986). It was found that in the Clr A 

chain, there are two internal repeating segments that share a 

30% identity in about 70 residues. It was also found that 

there is an epidermal growth factor conserved sequence, and 

two tandemly located sequence elements that is characteristic 

of C3b/C4b binding proteins.

Control of the Cl activation

Activation of Cl is finely regulated by at least 3 

mechanisms: (1) intrinsic lability x)f the Cl complex, (2)

8



negative control by the Cl inhibitor and (3) negative feedback 

regulation by nascent C3b and C4b molecules (reviewed in 

Cooper, 1985). Cl inhibitor is a member of the serine protease 

inhibitor family (.Tosi et al., 1986). It 

binds rapidly and irreversibly to activated forms of Clr and 

Cls, thereby inhibiting their complement function. Its binding 

also enhances the dissociation of Clr and Cls from the Cl 

complex (in the form of C lln-C Ir-CIs-Clln). It has been found 

that nascent C4b specifically inhibits the turnover of the 

IgM-activated Cl complex, while C3b inhibited the turnover of 

the IgG-activated Cl complex. This appears to be a negative 

feedback mechanism to circumvent uncontrolled activation of 

Cl, as C4b and C3b are products of the activation pathway 

(Ziccardi, 1986).

1.2.2.2 The assembly of the C3 convertases and C5 

convertases

The classical pathway C3 convertase is a Mg^-dependent 

complex of C4b and C2a generated by limited proteolysis of C4 

and C2 by activated Cl. C4b anchors on the membranes, while 

C2a bears the active serine protease site of the enzymatic 

complex.

C4 is synthesised as a single-chain precursor of mol. wt, 

200,000 and is post-translat ional ly processed to a three- 

chained structure linked by disulphide bridges. The protein 

contains about 7% carbohydrate, and the order of the three 

chains is f-«C -1 , which have mol. wt. of 93,000, 75,000 and

33,000, respectively (Schreiber and Mul ler-Eberhard, 1974;

9



Gigli et al.,1977; Hall and Colten, 1977; Chan and Atkinson , 

1983; 1985). Human C4 is activated by Cls which cleaves the 

chain to release the activation peptide C4a. The major 

moiety, C4b, can bind covalently to a variety of surfaces via 

a reactive glutamyl group from the thiolester in its «c' chain 

(see section 1.4 for further description).

C2 is a single chain glycoprotein of mol. wt. 100,000.

Protein sequencing and derived amino acid sequence from cDNA

clones showed that the zymogen form of C2 is 732 amino acids

long (Christie et al., 1980; Gagnon, 1984; Bentley and Porter,
*t 

1984; Bentley, 1986). In association with C4b and Mg_ , C2 is

cleaved by Cls to form the catalytic chain C2a that 

contains the serine protease domain (509 residues), and the N- 

terminal peptide C2b. It was suggested that C2 binds to C4b 

non-covalently at least at two sites, one from C2b and one 

from C2a (Nagasawa and Stroud, 1977; Kerr, 1980). Transmission 

electronmicroscopic studies revealed that the C2 molecule is 

composed of three globular domains, one from C2b and two from
o

C2a. Each of these globular domains is about 40A in size. It 

was also found that C2a only associates with C4b through one 

of the two domains. The other 'free* domain is assumed 

to contain the active site of the serine protease. C4b appears 

as an irregular, multiple-domain structure in the EH (Smith et 

al., 19843. The role of Kg2* in the assembly and function of 

the C3 convertase is still uncertain.

The C4b2a convertase is highly unstable with a half-life 

of only a few minutes (Polley and Muller-Eberhard, 1967; Kerr, 

1980). The instability is due to the decay-dissociation of



C2a from the complex. Once dissociated, C2a cannot 

reassociate with C4b to form an active enzyme. Besides this 

temperature dependent intrinsic decay, the complex enzyme is 

subjected to extrinsic decay by the plasma C4b binding protein 

(C4bp). The binding of C4bp to the C3 convertase also enables 

the proteolysis of C4b at two sites of the XL 1 chain by the 

C3b/C4b inactivator, factor I. In the latter reaction C4bp 

works as a cofactor of factor I, which is also a serine 

protease. The cleavage reaction releases the 45,000 mol. wt. 

C4d fragment from the major moiety, C4c (Fujita and 

Nussenzweig, 1979; Gigli et al., 1979; Cooper, 1975). Thus 

C4bp and factor I are important humoral homeostatic 

controlling agents of the classical pathway C3 convertase.

Membrane bound C3 convertase is controlled by (1) CR1 

which, besides its receptor function, also accelerates decay- 

dissociation of C2a and possesses cofactor activity for factor 

I; (2) decay accelerating factor (DAF), which accelerates 

decay of the enzyme complex and protects the body from cell 

damage by autologous, activated complement factors and (3)

membrane cofactor protein, MCP (previously called gp45-70),
«

which serves as cofactor for factor I to inactivate C4b
*

(reviewed by Holers et al., 1985).

The relatively low titer of plasma C2, the complexity and 

the short half-life of the C3 convertase altogether imposed 

considerable difficulty on the biochemical studies of the 

enzyme complex. This was in part circumvented by (1) mild 

oxidisation of C2 by dilute iodine solution (i.e. C2ox) prior 

to its assembly with C4b (Polley and Muller-Eberhard, 1967);
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(2) substitution of Mg2^ by Mi 2* in the reaction buffer for 

the convertase assembly (Fishelson and Muller-Eberhard, 1982) 

and (3) addition of the convertase with the classical pathway 

nephritic factor which is a IgG auto-antibody isolated from a 

patient suffering post-stretococcal glomerulonephrit is 

(Halbwachs et al., 1980; Gigli et al., 1985). Stabilisation 

of the C3 convertase by iodine was suggested due to the 

formation of a covalent bond on C2a presumably on a site which 

may be related to the decay-dissociation of the enzyme 

complex (Parkes et al., 1983). The role of Ni 2 -" on 

stabilisation of the C3 convertase is unknown. It was found
3.*

that the effect of C2ox and Ni substitution on the half-life 

of the convertase is additive (Villiers et al., 1985(X>. The 

classical pathway nephritic factor can stabilise C3 convertase 

by preventing its intrinsic decay, and inhibiting the extrinsic 

decay by C4bp and proteolysis by factor I/C4bp (GiCjl-.i et al., 

1985).

C3 is the most abundant complement protein in the plasma, 

~1.3 g/1. It is synthesised as a single chain precursor 

molecaule and is processed to the disulphide linked 0-oC 

chains before secretion. The complete cDNA sequence and its 

derived amino acid sequence of human C3 have been determined 

(DeBruij.n and Fey, 1985). A schematic representation of the 

protein structure of C3 is shown in Fig. 1.3. The precursor 

C3 consists of 1641 amino acid residues. The A chain (645 

residues) is located at the N terminal region and the eC chain 

(992 residues) is located at the carboxyl end. C3 plays a 

centrol role in the complement system since its proteolytic

12



Fig. 1.3 Schematic representation of the mature human C3 (after 

deBruijn and Fey, 1985)

Cleavage of C3 by C3 convertase liberates the anaphylatoxin C3a 

from the N-terminus of the <£ chain and generates C3b. Cleavage 

sites for factor I (I) and trypsin (T) define the sub-fragments 

C3dg, C3d and C3f as indicated. The shaded area represents C3c. 

The precise locations of the interchain disulphide linkages are 

unknown. Glycosylation sites are marked by f . Molecular sizes 

(in daltons) for various fragments were deduced from amino acid 

sequence and do not include carbohydrate content. The 2000 rnol. 

wt. fragment formed by factor I cleavage (with factor H, or CR1, 

or HCP as cofactor) is called C3f. A further cleavage site, 

!(?), is mediated by factor I with CR1 as cofactor (Medof et 

al., 1982).
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cleavage is an event common to both activation pathways, and 

many of the biological properties of complement are mediated 

by C3 and its cleavage fragments (Huller-Eberhard, 1981).

Cleavage of C3 by the C3 convertases give rise to tuo 

activated fragments, the anaphylatoxin, C3a which is a 

vasoactive peptide and a mediator of inflammation, and C3b 

which can act as a cofactor in the formation of the C5 

convertases. C3 like C4 has an intra-chain thiolester bond 

(Law ^.Lev'we. 1977, 1980b; Tack et al., 1981). The binding of 

one or more activated C3 molecules to, or adjacent to, the C3 

convertase alters its specificity to a C5 convertase (Cooper 

and Huller-Eberhard, 1970). The active site of the C5 

convertase, C4b2a3b, is in the C2a fragment, and the bound C3b 

serves as a binding site for C5 (Vogt et al., 1978). The 

nature of the C5-binding site in the C5 convertase has been 

examined recently by Takata and coworkers (1987). It was 

found that during the activation of C3, one of the nascent C3b 

molecules generated by the C3 convertase directly binds 

covalently to C4b and that this C4b-C3b dimer serves as a high 

affinity binding site for C5. Binding of C5 to the C3 

convertase is probably divalent in that C5 recognises both 

protomers in the C4b-C3b dimer. This enables C5 to bind 

selectively to the complex convertase instead of the 

surrounding monomeric C3b. Thus the activation of C5 and the 

membrane attack complex formation is precisely located at the 

site of the complement activation.

The covalent attachment of C3 and C4 to foreign particles 

also causes partial dissolution (Takata et al., 1984) and
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speeds their removal due to the presence of C3 and C4 

receptors on the surfaces of erythrocytes and phagocytic cells 

(reviewed in Fearon and Wong, 1983; Koos and Medof, 1985).

1.2.2.3 The regulatory proteins of the classical pathway 

C3 convertase

As already mentioned the classical pathway C3 convertase 

is controlled by at least two plasma proteins (i.e. factor I 

and C4bp) and three membrane-bound proteins (i.e. CR1, DAF and 

HCP) to prevent the deleterious effect caused by over 

activation of the complement system and the deposition of 

activated components on autologous tissues.

Factor I

Factor I is a member of the serine proteases. In the 

presence of C4bp, or CR1, (or MCP), factor I inactivates C4b 

by two proteolytic cleavages on the <£* chain to produce C4d 

and C4c. Unlike many serine proteases, it does not appear to 

have a circulating proenzyme form and it is not inhibited by 

any of the known plasma proteinase inhibitors (Crossley, 

1981). Full length cDNA clones for factor I have been obtained 

(Catterall et al., 1987). Sequence determination reveals that 

the light chain (224 residues) has clear homology with other 

serine proteases. The heavy chain (321 residues) contains the 

cysteine-rich, low-density lipoprotein (LDL) class A and class 

B repeats, which is also present in the Clr A chain, 

complement C9, C8--C and C8£> (Stanley et al., 1985; Howard et 

al., 1987; Kao et al., 1987).

An interesting aspect for the C3b/C4b binding proteins
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/./ proteins for which there is structural evidence for repeating homology units

Protein Interacts with

Complement Proteins
Factor B
C2
C4b-bmding protein
(composed of 7 identical
chains)
Factor H (mouse)
C3o.'C4b receptor (CR1)

Subcomponent Or

Three contiguous units starting at N-terminus of 92 000 M, chain 
Three contiguous units starting at N-termmus of 108 000 M, chain 
Eight contiguous units starting at N-termmus of 70 000 M, chain

Twenty contiguous units throughout entire 160,000 M, chain
Number not yet established but, at least eight units or perhaps up to thirty-six throughout
160-2 50 000 M, chain
Two units located near C-terminus of non-catalytic 56 000 M, chain

Non-Complement Proteins
|ii glycoprotem I Five contiguous units starting at N-termmus of 50 000 M. chain
IL-2 receptor Two units starting at N-terminus of 55 000 M, chain (the two repeating units are separated by

domain of 37 ammo acids)
(J subunit of clotting Ten contiguous units starting at N-termmus of 80 000 M, chain 
factor XIII

General consensus sequence of approximately 60 ammo acids" seen in most repeating homology units:
47 30 32 35 46 50 52 57

TYR——— CYS ——PRO —————————— "" ——CVS —— GLY ———-——-CVS ——GLY —— TRP -———
rht

C3b 
C4b 
C4b

C3b

C3b/C4o 
Not known

Not known

Not known 
Not known

59
___rye ___ \-ij~



such as C4bp, CR1, DAF and factor H (which is an analogous 

protein of C4bp in the alternative pathway) is that they are 

tightly linked on the long arm of human chromosome 1 (region 

q31-32) (Rodriguez de Cordoba et al., 198 ; Weis et al., 1987; 

Lublin et al., 1987) and that they all possess the ~60 amino 

acid repeat which is also present in factor B, C2, Clr, Cls 

and some non-complement proteins as shown in Table 1.1 

(reviewed by Reid et al., 1986). This repeating unit is 

characterised by a consensus sequence having a framework of 

highly conserved residues consisting of one tryphtophan, two 

proline and four cysteine residues. It also appears that each 

of these repeating unit is encoded by a separate exon 

(Campbell et al., 1984; Lintin and Reid, 1986). The 

functional role of the ~6Q amino acid residues repeat is 

unknown but for the case of the complement proteins, they may 

be related to the formation of the C3b/C4b binding domain(s) 

or they may correspond to a specific structural module (Reid et 

al.,1987) similar to that of the immunoglobulin fold (Williams, 

1984). For convenience, this repeating unit is designated as 

the short consensus repeat (SCR) in this thesis.

C4bp

C4bp has a mol. wt. of about 550,000 and is formed by 

7-10 identical peptide chains. Derived amino acid sequence 

from the cDNA together with amino acid sequencing of human 

C4bp (Chung et al., 1985a,b) have given the complete amino 

acid sequence of 549 residues. The N terminal 491 amino acids 

are comprised of 8 repeating units previously described.

Electron microscopic studies revealed that C4bp has a 'spider-

15



like' (Dahlback et al., 1983) or 'bunch of flowers' (Villiers 

et al., 1985) structure. In other words, it is a polymeric 

structure with a central core structure and many flexible (7- 

10) tentacles. These tentacle-like elements may be formed by 

the N-terminal repeating units of each monomer which are 

probably involved in the C4b binding. The central core is 

probably formed by the C-terminal regions of each monomeric 

subunit linked by disulphide bonds (Villiers et al., 1985bT- 

Reid et al., 1986). It was suggested that each C4bp complex 

can bind 4-6 C4b molecules in the fluid phase conditions 

(Ziccardi et al., 1984).

CR1

The human C3b/C4b receptor (CR1) was firstly described at 

the molecular level by Fearon (1979). It is an integral 

membrane glycoprotein that is expressed on cells of 

immunological (T and B lymphocytes, monocytes, mast cells, 

polymorphonuclear cells) and nonimmunological (primate 

erythrocytes, glomerular podocytes ) lineages. Functions 

mediated by CR1 include phagocytosis of erythrocytes and 

bacteria, endocytosis of small immune complexes, and 

generation of second signals. CR1 binds C4b and C3b that have 

covalently attached to immune complexes and other complement 

activators, and the consequences of these interactions depend 

upon the cell-type bearing the receptor (reviewed by Fearon 

and Wong, 1983; Fearon, 1984; Ross and Hedof, 1985; Sim et 

al., 1987). Erythrocyte CR1 binds complement component C3b- 

or C4b- bearing immune complexes and may transport them to the 

mononuclear phagocytic system in the liver and spleen



(Cornacoff et al., 1983). As already mentioned, CR1 is a 

cofactor for factor I mediated cleavage of C4b (and C3b in the 

alternative pathway), and accelerates the decay of the 

classical (and the alternative) pathway C3 convertase. The 

concerted activity of CR1 and factor I in the degradation of 

C4b is very effective in the endogenous environment (i.e. when 

both CR1 and the deposited C4b are on the same cell membrane). 

Thus CR1 plays an important role to inactivate the complement 

cascade on autologous host membrane (Kinoshita et al., 1986).

Derived amino acid sequences representing ~80% of the 

most common allotype of CR1 reveals a striking feature on the 

primary structure of CR1 (Klickstein et al., 1987). It was 

found that CR1 is made up of at least 30 short consensus 

repeating units (SCR) in addition to the transmembrane and 

cytoplasmic domain sequences. The SCRs are further organised 

to four higher order long homologous repeating units (LHRs). 

Each LHR is made up of seven SCRs and is ~450 amino acid in 

size. Amino acid identity between LHRs ranges from 70% 

between the first and third repeats to 99% between the N- 

terminal 250 amino acids of the first and second repeats. Two 

additional SCRs join the four LHRs to a single membrane- 

spanning domain of 25 amino acids, which is linked to the 43 

residues carboxyl terminal cytoplasmic domain that is 

partially homologous to epidermal growth receptor.

DAF and HCP

DAF is a 70,000 dalton glycoprotein which appears in two 

forms, ie. the membrane-bound and the soluble, secretory form

(Hedof et al., 1987). The membrane-bound DAF is present on
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all cell membranes in contact with complement. It is anchored 

to the cell membrane by phosphatidylinositol (Medof et al., 

1986; . Tse et al., 1985). Interaction of 

DAF with autologously cell-associated C4b (and C3b) 

polypeptides inhibits the uptake of C2 (and factor B) and thus 

prevents the assembly of the C3 convertase(s). It halts the 

progression of the complement cascade and prevents the 

consequent, autologous cell-injury, without affecting the 

structure of C4b (and C3b) (Klinoshita et al., 1986). In other 

words, DAF acts only on surface of the same cells, it does not 

possess cofactor activity with factor I.

Complementary DNA clones of human DAF have recently been 

obtained (Caras et al., 1987; Medof et al., 1987). Derived 

amino acid sequence suggests that there are four contiguous 

SCR near the N-terminal region of the protein. Two types of 

cDNA clones have been obtained, which are suggested to be the 

result of differential SNA splicing (Caras et al., 1987). The 

shorter form may correspond to the membrane bound DAF (347 

residues) as it contains a hydrophobic C-terminal region. The 

larger form contains an unspliced 'intron* with the Alu- 

repetitive sequence corresponding to the C-terminal region of 

the protein. This unspliced intron may drastically decrease 

the hydrophobicity of the protein near the C-terminus and may 

correspond to the soluble form of DAF (406 residues). There 

are clusters of serine and threonine residues in both forms of 

DAF, which may correspond to the 0-linked glycosylation sites.

HCP was previously called gp 45-70 to indicate its mol. 

wt. on SDS-PAGE and later renamed membrane cofactor protein
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because of its functional activity (Seya et al., 1986 0} This 

protein is present on human platelets, monocytes, B and T 

lymphocytes but not on erythrocytes. MCP appears to function 

only as a surface-bound cofactor for the first cleavage of 

factor I-mediated breakdown of C4b and C3b. Thus it is 

complementary to DAF in function. Compared uith CR1, it does 

not have decay acceleration activity and it does not mediate 

the adherence of C3b- or C4b- coated particles. It seems that 

there are two allotypes: one with mol. wt. of 63,000 and the 

other with mol. wt. 58,000, which assumes an autosomal 

codominal manner of inheritance (Ballard et al., 1987). The 

structural gene for MCP has not been cloned, nor its 

chromosomal location been mapped. It will be of interest to 

determine whether this protein also maps to the C3b/C4b 

regulatory protein complex on the long arm of chromosome 1.

It seems that the functions among the three membrane- 

bound regulatory proteins, CR1, DAF and MCP overlap. However 

DAF and MCP may be mainly responsible for the intrinsic decay- 

accelerating activity, or factor I cofactor activity, while 

CK1 may be mainly responsible for the extrinsic decay and 

cofactor activity in addition to its paramount role in the 

immuno-clearance mediated by the receptor activity (Ballard et 

al., 1987). These membrane-bound proteins appear to be very 

important to the protection of the host body against cell 

damage caused by autologous complement activation, or against 

aggregated immune complexes. Patients deficient in CR1 result 

in systemic lupus erythematosus (SLE) (Dykman et al., 1984) 

while patients deficient in DAF may suffer paroxysmal
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nocturnal haemoglobinuria (Medof et al., 1985).

1.2.3 The alternative pathway of activation

The alternative pathway can be activated by a large 

number of very different activators such as particulate 

polysaccharides, bacterial and yeast cell walls, parasites, 

virus infected mammalian cells, aggregated antibodies, etc. As 

a result, it is difficult to generalise the common features 

among these activators except that they are mostly polymeric 

with some types of repeating structures, and are particulate 

in nature (reviewed in Eeid and Porter, 1981; Lachmann and 

Hugh-Jones, 1984). The components involved in the alternative 

pathway include factor D, factor B and C3.

Factor D is a serine protease with ~25,000 mol. wt.

present in plasma in activated form. Factor D catalyses the
zt 

conversion of factor B complexed with C3b and Mg. to form the

alternative pathway C3 convertase, C3bBb. This can cleave C3 

via the active site in Bb to form C3a and C3b. C3b can 

associate with C3bBb to form the alternative pathway C5 

convertase, or it can assemble with factor B to amplify the 

amount of C3 convertase near the site of activation. The 

structural gene for factor D is yet to be cloned. Factor B is 

a serum glycoprotein with mol. wt. ~90,000, containing ~7% 

carbohydrate. EH studies showed that factor B is similar to 

C2 in morphological structure in having a three-globular- 

domain structure, i.e. one corresponds to Ba and two 

correspond to Bb (Smith et al., 1984CK). Upon binding to C3b, 

factor B is rendered susceptible to the proteolytic cleavage
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by factor D, forming a 30,000 mol. wt. Ba fragment and a 

60,000 mol. wt. Bb fragment. The serine protease domain 

resides in the Bb subunit (reviewed in Gagnon, 1984). 

Attachment of factor B to C3b is mediated by two points of 

contact, one being in the Ba domain, and the other in the Bb 

domain (Pryzdial and Isenman, 1987). Human cDNA and genomic 

clones of factor B have been obtained (Woods et al., 1982; 

Campbell and Porter, 1983; Campbell et al., 1984; Horley and 

Campbell, 1984). Derived amino acid sequence suggested that 

factor B consists of 739 residues and is encoded by 18 exons 

of the factor B gene (Fig. 1.4). The Ba domain is encoded by 

exons 2-6, of which three correspond to the SCR (Morley and 

Campbell, 1984). These three repeating units are encoded by 

exons 2,3 and 4, respectively. The serine protease domain is 

encoded by exons 11-18. The three amino acid residues 

essential for catalysis, i.e, His 501 Asp 551 and Ser 674 are 

encoded by separate exons (Campbell and Porter, 1983).

The fluid phase and cell-bound alternative pathway C3/C5 

convertases are very unstable complexes and are subjected to 

intrinsic decay by the dissociation of Bb. They can be 

extrinsically decay-dissociated and/or proteolytically 

inactivated by factor H and factor I in plasma, or DAF, MCP, 

CK1 and probably CF2 together with factor I on cell membrane. 

They can be stabilised by properdin. properdin functions by 

binding to and stabilising the alternative pathway C3/C5 

convertases. There is no analogue of properdin in the 

classical pathway. In plasma, properdin appears as a mixture 

of polymeric glycoprotein chains each of 56000mol. wt. 

Honomeric properdin appears as a highly asymmetric structure
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Fig. 1.4 Structure of the factor B gene

Exons are shown boxed; the number refers to the amino acids 

encoded by each exon. L denotes the putative leader peptide. The 

exons encoding the three homologous regions (i.e. SCR) in the Ba 

domain are labelled I, II, and III. The serine protease domain 

is encoded by the last eight exons. H, D, and S denote the 

positions of the codons for the active site residues His 501, Asp 

551 and Ser 674, respectively. The shaded exon is not found in 

many serine proteases such as trypsin and chymotrypsin. The 

factor D cleavage site which separates Ba and Bb coding regions, 

is marked with an arrow. (After Campbell and Bentley, 1985).
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in the EH (Smith et al., 1984b).

Factor H is analogous to C4bp in the classical pathway as 

it accelerates decay-dissociation of Bb from CSbBb and also 

acts as a cofactor for factor I mediated proteolytic cleavage 

of C3b to form iC3b. The latter process releases a small 

peptide ~2,000 mol. wt., C3f. Derived araino acid sequences 

from full-length murine cDNA and partial human cDNA clones of 

factor H have revealed that the protein is entirely composed 

of 20 repeating units characteristic for C3b/C4b binding 

proteins (Kristensen and Tack, 1986; Eipoche et al., 1986). 

The binding site for C3b was mapped to a 38,000 mol. ut. 

tryptic fragment (Alsenz et al., 1985) which is probably 

encoded by repeats I to V.

Membrane-bound DAF decays the alternative pathway C3 

convertase and enhances the dissociation of the enzymic Bb 

subunit, (as in the case of C2a in the classical pathway 

convertase). MCP is complementary to DAF as it serves as a 

cofactor for the factor I mediated cleavage of C3b to iC3b, 

with an activity ~50 times more potent than factor H in terms 

of quantity (Seya et al., 1986&). CR1 possesses both decay- 

dissociation activity and factor I-cofactor activity for the 

convertases. The inactivation of C3b by CR1 is unique in two 

ways. Firstly, it enables the factor I mediated cleavages of 

C3b to iC3b, and iC3b to C3c and C3dg (Medof et al., 1982). 

Secondly, CKl-factor I mediated C3b cleavages also works 

extrinsically, i.e. on other cells deposited with C3b, cf. 

intrinsic activity for DAF and probably MCP.
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Recently, it has been demonstrated that CR2 can also 

act as a cofactor for factor I cleavage of iC3b to C3c and 

C3dg in vitro, albeit at a lower rate (Mitomo et al., 1987). 

CR2 is an integral membrane protein with mol. wt. 140 000. It 

is the C3dg receptor and the Epstein Barr virus receptor. The 

structural gene of CR2 has been cloned by cross-hybridisation 

using CR1 probe. It is highly homologous to CR1 and also maps 

to chromosome 1 at the q32 region (Weis et al., 1986; 1987).

Similar to that of the classical pathway, the alternative

pathway C3 convertase can be further stabilised by substituting

af *
Ni. for Mg during the assembly of the convertase. It can

also be stabilised by the alternative pathway nephritic factor, 

which is an autoantibody (Fishelson and Muller-Eberhard, 1982). 

Thus it is apparent that the convertases of the two pathways of

activation are analogous in many aspects, such as the analogous
*+ 

functions of C4 and C3, C2 and factor B and Mg. in the

assembly/activation process, and in the homeostatic control of 

the convertase activity by the analogous/identical controlling 

proteins such as C4bp, factor H, CR1, DAF and MCP. However, 

there is a number of characteristic features in the alternative 

pathway. It is initiated continuously at a low level by the 

'tick-over* mechanism (Lachmann, 1979; Lachmann and Hugh-Jones, 

1984) as C3b-like (or C3(H20)) molecules are generated 

spontaneously by slow hydrolysis of native C3 and these C3(H20) 

molecules can assemble with factor B to form a C3 convertase 

after cleavage of factor D (Pangburn and Muller-Eberhard, 1980; 

Fishelson et al., 1984). Therefore, activators of the 

alternative pathway can be viewed as being able to accelerate
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the formation of C3b or slow down its breakdown. This is in 

contrast with that of the classical pathway as it is only 

initiated after the activation of the Cl complex by antibody- 

antigen complex or other activators. Moreover, factor D which 

cleaves C3bB to form the alternative pathway convertase, CSbBb, 

circulates in plasma in an active form, unlike the activation 

of Cls by Clr after an autoproteolytic activation process in 

the Cl complex. A second major difference is the presence of a 

positive feedback mechanism in the alternative pathway as the 

C3b produced by C3 convertase is also a subcomponent of the 

same convertase. C3b can assemble with factor B to form more 

convertase. This results in the formation of a very efficient 

amplification loop.

1.2.4 The membrane attack complex (MAC)

Proteolysis of C5 to C5a and C5b by either C5 convertases 

is the last step of the activation process, but is the 

initial step of the lytic pathway. Altogether there are five 

components involved, i.e. C5b, C6, C7, C8 and C9. These 

components assemble sequentially into a macromolecular 

membrane attack complex, C5b-9, which will cause lysis of a 

variety of target cell types extending from viruses and 

bacteria to platelets and nucleated mammalian cells. These 

complement components are hydrophilic glycoproteins in the 

plasma, but during the spontaneous assembling process, they 

undergo a transition to an amphiphilic state that enables them 

to insert into the lipid bilayer of the target cell membrane. 

The result is the formation of *doughnut-like * plugs which are 

hollow protein cylinders that transverse the target membrane
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to generate hydrophilic transmembrane channels. The free 

permeation of ions, water and macromolecules through such 

channels, resulting in disruption of transmembrane gradients, 

may all contribute to the lethal effect of the MAC.

Similar to C3 and C4, C5 is synthesised as a single chain 

precursor. Before secretion, it is processed to two disulphide 

linked polypeptide chains ^ and p with 115,000 and 80,000 

mol. wt., respectively. Activation of C5 generates the 

anaphylatoxin C5a, in addition to the major fragment C5b. C5a 

is the most potent complement anaphylatoxin and a leukocyte 

chemotatic peptide (reviewed in Hugli, 1986). The biological 

activities of C3a, C4a and C5a are controlled by anaphylatoxic 

inactivator, which acts like a carboxypeptidase B in removing 

the C-terminal arginine from the activation peptides. C5b in 

its nascent state constitutes the nucleus in the assembly of 

MAC. It possesses a metastable binding site with specificity 

for C6, which is probably due to transient expression of 

hydrophobic sites. Electron microscopy of negatively stained C5

revealed a multilobal, irregular molecular structure with
  

estimated dimensions of 168 X 151 X 104 A (Discipio et al.,

1983). The primary structure of human C5 has been partially 

elucidated (Lundwall et al., 1985). Derived amino acid sequence 

covering the C-terminal of the chain and the N-terminal of the 

chain confirms that C5 is markedly homologous to C3, C4 and 

oC 2 macroglobulin, although C5 lacks a thiolester bond compared 

with the other three related proteins. The structural gene of 

mouse C5 has been assigned to chromosome 2 (D'Eustachio et al., 

1986).

25



C6 and C7 are single chain glycoprotein molecules with 

mol. wt. ~120,000 and 110,000, respectively. Family studies 

of genetic polymorphisms of C6 and C7 suggested that these two 

genes are closely linked but their chromosomal locations are 

still unknown. They also exhibit similar physical and 

chemical properties, and it has been suggested that they may 

be evolved from a common ancestral gene (Lachmann and Hobart, 

1978; 1985). The nascent C5b in association with C3b (and 

probably C4b) firstly binds to C6 forming a C5b-6 complex and 

then to C7 to form C5b-7 complex. The C5b-7 complex appears 

to undergo a hydrophi1ic-amphiphi1ic transition upon C7 

binding, thus generating a metastable binding site for 

membrane. Anchorage of the C5b-7 complex is probably through 

high-affinity phospholipid binding site that may be located in 

the C7 molecule. Membrane-bound C5b-7 does not harm target 

cell but makes the target cell ready for further attack. It 

constitutes the receptor for C8{3 that binds and processes C8 

so that its oC chain can enter the target membrane. C5b-8 

produces a small membrane pore sufficient to lyse erythrocytes 

but less efficient to kill nucleated cells.

Human C8 is a structurally complex component that 

consists of equimolar amounts of three non-identical subunits, 

<< , (5 and y with 64,000, 64,000 and 22,000 mol. wt. , 

respectively. These are arranged as a disulph ide-1 inked cC-/ 

dimer that is non-covalently associated with £ . The 

oCsubunit contains the binding site for C9 and some undefined 

structure to interact with the target membranes. The £ subunit 

has a domain that specifically mediates recognition and binding
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of C8 to C5b-7, and also a region that interacts with target 

membranes. No function has been ascribed to the y chain of C8.

The membrane-bound C5b-8 complex is a receptor for C9 and 

a catalyst for the polymerisation of C9 in the formation of 

membrane lesions. The C5b-9 complexes are heterogeneous with 

respect to their C9 content that may vary between 1-18 

molecules per C5b-8 complex, depending on the availability of 

C9 monomer. Polymerisation of C9 can also be induced in vitro 

from high concentration of purified C9 on its own at 37°C, 

neutral pH in the presence of 50 mM Zn2* (Tschopp et al., 

1982). This forms tubular structures containing between 12-18 

C9 molecules that resembles morphologically to the MAC that was 

firstly described by Borsos and coworkers (1964). It is now 

generally accepted that circular lesions produced by complement 

lysis are polymerised C9, although it is known that the C5b-9 

does not necessarily manifest itself as the typical ultra- 

structural membrane lesion.

C9 consists of a single polypeptide chain of mol. wt. 

~70,000. The monomeric C9 can be cleaved by <£-thrombin to 

form the N-terrainal C9a (mol. wt. 34,000), and the C-terminal 

C9b (mol. wt. 37,000) that is hydrophobic and is the portion 

of C9 that inserts into the phospholipid membranes. It is 

proposed that when C9 binds to C5b-8, it undergoes a major 

conformational change in which the molecule approximately 

double its length and the hydrophobic structure becomes 

exposed. The latter is also associated with the expression of 

neoantigens (Podack et al., 1982).

An unexpected but reasonable evolutionary relationship
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between C8 and C9 was recently unravelled after cDNA clones 

coding for C9 (DiScipio et al,, 1984; Stanley et al., 1985), 

C8<< (Rao et al., 1987), and C8 |3 (Haefliger et al., 1987; 

Howard et al., 1987) were obtained. An overall homology in 

primary structure of 24-33% identity has been found among 

these three proteins. These proteins have similar number of 

amino acid residues (C8oC, 552 residues, C8(3, 536 residues and 

C9, 537 residues). In addition, all of these molecules at the 

N-terminal region contain the class A, negatively charged Cys- 

rich 40-residues repeat which is a characteristic of the LDL 

receptor, and at the C-terminal region, the class B, Cys-rich 

30-50 residues repeat which is a characteristic of the 

epidermal growth factor. Thus it has been postulated that 

C8oC , C8(S and C9 are evolved from the same ancestral gene. As 

mentioned, all these proteins are originally hydrophilic, but 

upon the binding of C5b-7 or C5b-8, they exposed the membrane- 

interacting segments by conforraational changes. Therefore, 

C8<* , C8|& and C9 are members of a family of proteins that are 

capable of induced conformational changes leading to membrane 

interaction. To this end, a fourth member of this gene family 

could be preforin, which is a C9-related protein found in 

cytotoxic T cells and may be involved in cytotoxic killing 

(Lachmann, 1983; Young et al., 1986).

Genetic data suggests that human C8«C and C80 are located 

on chromosome 1 (Pericak-Vance et al., 1982; Rogde et al., 

1985). It was initially considered that C8«< and CStf are 

encoded by the same locus but it has been found that they are 

actually encoded by separate locus. CQj cDNA has been cloned

and its mRNA is ~\ kb in size (Ng et al., 1987). The
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chromosomal location of C9 is not known.

S protein is the single known controlling protein of the 

MAC. Binding of S protein to fluid phase C5b-7 may prevent 

its attachment to cell membranes. Although C8 and C9 bind to 

SC5b-7, the cytolytic terminal complex containing polymerised 

C9 is not formed. Therefore, the function of the S protein 

may be the solubi1isation of fluid phase C5b-9 complexes, the 

protection of the bilayer cell by fluid phase C5b-7 and 

inhibition of C9 polymerisation during fluid phase assembly. 

cDNA clones of S protein show that it consists of a single 

polypeptide chain of 459 amino acid residues (Jenne and 

Stanley, 1985).

In conclusion, many complement proteins shared various 

degrees of sequence homologies which infer that they may 

possess similar structural or functional protein 

modules / domains. Host components of the complement system 

seem to have evolved from many gene duplication events 

although relatives for some proteins, e.g. properdin and C8tf 

have not yet been found. Furthermore, some complement 

components, such as factor B and factor H, have internal 

sequence homologies. These are likely to have been formed by 

exon shuffling and/or by exon duplication events (see Table

1.2 and section 1.3 for further description).

1.3 Correlation of exon structure and protein 

structure / function

The application of DMA sequencing techniques to the study
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Table 1.2 Structural kinships among complement proteins

A). Gene duplication*

1. Clq A, B, C chains
2. Clr, Cls
3. C2, factor B
4. C3, C4, C5 ( oCz macroglobulin, pregnancy zone protein)
5. C6, C7
6. C8<* , C8p , C9 (perforin)

B). Exon shuffing/duplication

1. SCR

2. Serine protease domain

3. EGF Cys-rich module

4. LDL Cys-rich module

5. Collagen-like domain

factor B (3), C2 (3), Clr (2), 
Cls (2), DAF (4), CR1 (~30), 
CR2 (~15), C4bp (8), 
factor H (20) , MCP (?)

factor D, factor B, C2, Clr, 
Cls, factor I

C8<* , , C9, Clr, Cls, factor I

C8oc , C8/8 , C9 

Clq A, B, C

C). Others

1. Serine protease inhibitor family: Cl inhibitor

2. Carboxypeptidase (N): anaphylatoxin inactivator

3. Substrate adhesion protein family: S protein

4. Unknown origin: properdin, CSJ'

* Structural homologies extend throughout the entire protein
molecules. Proteins which are not members of the complement 
system are enclosed in brackets.

+ Structural homologies are located in part of the protein
molecules only. The number of repeating units found is enclosed
in brackets.



of eukaryotic genes quickly established that most genes of 

eukaryotes are mosaic of expressed sequences and unexpressed, 

silent DNA. The former is defined as the exon, and the latter 

is the intron (Gilbert, 1978). Comparison of genomic DNA 

sequence of chicken ovalbumin (Breathnach et al., 1978) and 

chicken ovomucoid (Stein et al., 1980) genes with their 

respective corresponding mRNA sequences established the 

consensus sequence of 5* and 3* splicing sites of introns to 

be GT-AG respectively. Introns can be classified to three 

classes according to their position in the triplet codon at 

the exon/intron boundaries. The class 0 introns interrupts 

the reading phase between codons, class 1 introns interrupt 

codons between the first and second nucleotides and class 2 

introns interrupt codons between the second and third 

nucleotides (Sharp, 1981). Except for the first and the last 

exons, there are two exon/intron splice junctions for each 

exon. Therefore, exons can be classified to 9 phases according 

to their corresponding intron phase at each end. During the 

past ten years the structure of numerous eukaryotic genes have 

been elucidated. The size of introns appears variable which 

ranges from 50 to 10,000 to 20,000 bp in length. However, the 

distribution of exon size is rather narrow and peaks at 40 to 

50 amino acid residues (Blake, 1983; Naora and Deacon, 1982). 

Comparison of the intron positions among homologous genes in 

different species suggests that there is a temporal stability 

of exon/intron pattern. For example, in human, rabbit and 

mouse globin alpha chains, the introns are all located within 

the codon for residue 31 and between codons for residues 99 

and 100. A similar pattern has also been observed in the beta
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chains of globin (reviewed in Blake, 1985). On the other 

hand, there is indirect evidence revealing that introns can be 

lost and that exon/intron boundaries sometime migrate during 

the course of evolution. Typical examples can be found in the 

collagen genes and the genes encoding serine proteases.

The oC~2 pro-collagen gene in chicken is composed of at 

least 52 exons, majority of them are 52 bp long, others are 

exactly twice as long (108 bp) and a few are 9 bp shorter than 

these (i.e. 45 and 99 bp). This is thought to be due to the 

precise deletion of the intervening sequences between adjacent 

54 bp units that would lead to the double-length exons, and 

the deletion of 9 bp from the 54 and 108 bp exonsCfJeCrombruggKe 

and Pastan, 1982).

Comparison of exon/intron splice junctions among many 

serine proteases and the dihydrofolate reductase genes from 

various species suggests that the splice junctions correspond 

frequently to regions of polypeptide chains that show length 

variations. Thus it was suggested that extension or 

contraction of exons at the intron junctions constitute a 

mechanism for generating length variation and divergent 

sequences in protein families (Craik et al., 1983). 

Furthermore, correlation of splice junctions with protein 

structures suggests that splice junctions frequently map to 

protein surfaces (Craik et al., 1982; 1983).

Many of the vertebrate plasma proteins are homologous in 

structure and they are likely to be due to duplication of the 

same ancestral genes. For example,* the complement component
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genes C3, C4 and C5, the protease inhibitor c(2 macroglobulin 

and the pregnancy zone protein share some common biochemical 

properties and protein sequence homology. It has been 

suggested that these proteins originated from the same 

ancestral gene by gene duplication, followed by divergent 

evolution. Novel proteins can also be generated by exon 

shuffling events, which includes duplication and reassortment 

of exons from different sources. This is most obvious in 

proteins with repeating domains. Thus the 52 exons of the <<2 

pro-collagen gene is probably due to the many duplication 

events of a single 54 bp ancestral exons. The ~60 amino acid 

repeating unit characterised in C4b/C3b binding proteins, SCR, 

mentioned in the previous section may also be derived from the 

same ancestral exon. A similar phenomenon probably also 

occurred in members of the Ig superfamily which might all 

derived from an ancestral exon coding for the characteristic 

disulphide-1inked structure known as the immunoglobulin fold, 

". Assortment of blocks of exons from different genes to 

generate mosaic, multi-domain proteins might also 

have occurred. For example, complement factor B contains a 

serine protease domain which is encoded by the eight exons 

corresponding to the carboxy-terminus of the Bb fragment; 

three SCR at the amino-terminal region of Ba encoded by 

exons 2-4; and the factor B specific region covering the 

C terminus of Ba and the N terminus of Bb. Thus this 

complement protein might have derived from at least three 

diverse sources (Campbell and Porter, 1983; Campbell et al., 

1984). Further classical examples can be found in the genes 

coding low density lipoprotein (LDL) receptor, complement
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component C9 (and C8). These proteins appear to have two types 

of cysteine-rich protein modules encoded by separate exons 

characteristic of EGF and LDL receptor, respectively; and 

regions of protein derived from unknown origin (reviewed in 

Doolittle, 1985; Gilbert, 1985).

A striking feature in most of the repeating structures in 

vertebrate plasma proteins is that almost all of their 

corresponding exons are flanked by phase 1 introns. In other 

words, the exons are symmetrical in the sense that they have 

1-1 boundaries at both ends (reviewed in Patthy, 1987). 

Obviously, symmetrical exons facilitate recombination events 

between intronic sequences. This is because tandem 

duplication, insertion or deletion of non-symmetrical exons 

would disrupt the reading frame and therefore may be 

deleterious.

As the split gene organisation of eukaryotes were 

discovered, it was soon hypothesised that exons encoded useful 

protein functions and that 'gene-in-pieces' nature would speed 

up evolution of eukaryotic genes through exonic modification, 

duplication and recombination (Gilbert, 1978). Thereafter many 

attempts have been made to correlate exon with protein 

structures and/or function. In view of the striking, direct 

correlation between the exon structure and the domain 

structure in the constant regions of immunoglobulin heavy 

chains (Sakano et al., 1979) and that the herae-binding domain 

of globins are encoded by a single exon, Blake (1978, 1979 ) 

and Go ( 19SI , 1983) proposed that genes-in-pieces might 

suggest proteins-in-pieces. In other words, exons might
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correspond to protein domains, or delineate compact units of 

protein structure. As more structures of eukaryotic genes 

uere elucidated, it has become evident that this may not 

necessarily be the general case, as many single domain 

polypeptide chains are encoded on a number of exons (Philips 

et al., 1983). On the other hand, many of the repeating units 

being exchanged , such as those in plasma proteins, are 

relatively small and usually contain disulphide bonds,and are 

generally encoded by a single exon. Thus it does infer that 

some exons may delineate polypeptide fragments with certain 

folding. It has been suggested that the minimum size of 

peptides that can assume a stable folding structure is in the 

range of 20 - 40 residues (Wetlaufer, 1981). Incidentally, 

this range coincides with the size of exon-encoded protein 

fragments which peaks around 40-45 residues. As a result, 

Blake (1983, 1985) revised their notion and proposed that 

exons may correspond to sequential supersecondary structure in 

proteins. These oligopeptides probably form the basic elements 

on which larger and multiple domain proteins were assembled 

during the course of protein evolution. Although it is still 

difficult to generalise the correlation between exon and 

protein structure or function, it is quite clear now that 

exons code for segments of proteins that can be sorted 

independently during evolution. These segments of proteins 

can be related to functional regions, folding elements, 

domains or sub-domains (Gilbert, 1985).
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1.4 Complement component C4

1.4.1 Biochemistry of C4

As mentioned in section 1.2, C4 is essential for the 

formation of the classical pathway C3 and C5 convertases. It 

is activated by Cls, and inactivated by factor I with C4bp or 

CR1 or MCP as cofactors, both through proteolytic cleavage(s) 

on the oC chain of the disulphide linked three-chain molecule. 

Activation of C4 generates C4a, which resembles C3a and C5a, 

are anaphylatoxins. It also produces the metastable C4b, 

that has the ability to bind covalently to nearby cell- 

surfaces. This is due to the transacylation reaction from a 

thiolester bond that becomes labile upon activation of the C4 

molecule. The nascent C4b has binding sites for C2 (C2a and 

C2b), C4bp, CR1 (and MCP, DAF?), C3 and probably C5. Some of 

these (non-covalent) binding sites may overlap. Their nature 

and location are still unknown. Inactivation of C4b by factor 

I is through a single cleavage to generate iC4b if MCP is used 

as a cofactor, or two cleavages to generate C4c and C4d if 

C4bp or CR1 is a cofactor (Fig. 1.5). On the other hand, 

inactivation of the nascent C4b can also occur by nucleophilic 

attack by water molecules that probably hydrolyse the 

intrachain thiolester linkage.

The major sites of biosynthesis of C4 include the liver 

and macrophages. The former probably constitutes the major 

source of plasma C4. Precursor C4 (pro-C4) is a single chain 

molecule, but is processed to the disulphide-1inked three 

chain molecule before secretion (Schreiber and Muller- 

Eberhard, 1974; Gigl i et al., 1977; Hall and Colten, 1977;
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Fig. 1.5 Bisulphide linkages, Cls and factor I cleavage sites 

on human C4

There are one ^-<< and two oC-df interchain disulphide bonds on 

C4. On the o£ chain, Cys 801 and Cys 857 of the cC 3 fragment are 

involved in the formation of a f-«C and a oC~d disulphide 

bond. The Cys 1375 of the ^4 fragment is involved in a <£-tf 

disulphide linkage. On the activation peptide C4a, there are 3 

intrachain bonds which probably form a disulphide knot. There 

are two intrachain disulphide linkages on the ($ chain, and five 

on the % chain. Their exact locations have not been resolved. 

0-S-S-O, interchain disulphide, positions not resolved; 1(1), 

first factor I cleavage site; 1(2), second factor I cleavage 

site; Cls, Cls cleavage site. (Modified from Janatova, 1986; 

and Seya et al., 1986).





Goldberger and Colten, 1980). However, this process is 

incomplete and the plasma contains some single chained pro-C4, 

and two chained fh< -^ and 0- dC+a? molecules (Gicjli, 1978; 

Chan and Atkinson, 1983). In the plasma, native C4 undergoes a

post-secretory cleavage such that the mol. wt. of the chain is
/,

reduced by ~5,000 (Chan et al., 1983). The site of this 

cleavage is located 22 amino acid residues from the carboxyl 

terminus of the «C chain (Law and Gagnon, 1985; Hortin et al., 

19869X Again, this process is incomplete and ~8% of the plasma 

C4 remains in the secretory form (Chan et al., 1983). Thus the 

C4 protein from a single gene locus can assume four different 

forms of expression (see Fig. 1.6). Normally, an individual 

possess three to five C4 genes which may be different due to 

polymorphism. Therefore, it is possible that there exists about 

20 'faces 5 of C4 in some individuals (Chan et al., 1984). All 

these completely or incompletely processed forms of C4 are 

indistinguishable in terms of haemolytic activity.

Besides proteolytic modifications, the C4 protein 

molecule also undergoes many other post-translational 

processing events. These include sulphation on tyrosine 

residues, addition and maturation of multiple oligosaccharide 

chains and formation of an internal thiolester bond.

The presence of tryosine-0-sulphation is a unique 

property of C4 among the complement proteins. This was firstly 

identified by Karp (1983). The site(s) of sulphation was 

located to the carboxyl end of the oC chain. Further studies 

on the pattern of sulphation of C4 produced by HepG2 cells
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Fig. 1.6 A model of the processing of the C4 precursor 

A. Cleavage at the (3-oC and (J.-^ junctions to yield the

predominant, 'secreted' three-subunit molecule. 

B and C. Cleavage at only one site to yield secreted two-subunit

molecules with either uncleaved ^-°C or oc_ y chains. 

D. Secretion of the uncleaved precursor. 

E. Extracellular cleavage of a C-terminal fragment to yield the

predominant plasma form of C4. 

F. The probable extracellar processing of the uncleaved

chain. 

(After Chan et al., 1984).
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identify three sulphated tyrosine residues at position 738, 

741 and 743 on the oC chain (see chapter 3 for numbering from 

pro-C4). The region of sulphation on C4 is surrounded by many 

negatively charged amino acid residues which is also a 

property shared by other tyrosine-sulphated proteins such as 

fibropeptides and gastrins (Hortin et al., 1986b). No 

biological function for the sulphation of C4 has yet been 

discovered, although it was suggested that they might be 

related to the binding of C4bp (Karp, 1983) or to Mg2 "" (Hortin 

et al., 1986b).

Approximately 7% of the total weight of human C4 is due 

to carbohydrate (613 t.i et al., 1977). The ol igosacchar ide 

structure of C4 from plasma and HepG2 cells has been studied 

in considerable detail by Chan and Atkinson (1985). It was 

found that both of the (5 and oC chains are glycosylated, 

whereosthe af chain is devoid of carbohydrate. The cc chain 

has three complex fucosylated oligosaccharides of the

biantennary type, with one each on the c(2, <£3 and c(4
(5 

fragments. The chain has a single high-mannose-

oligosaccharide-type of glycosylation. The partially and 

completely processed C4 due to proteolysis have the same 

glycosylation pattern. Human C4 protein secreted by 

macrophages which has been incubated with tunicamycin to 

inhibit glycosylation did not alter their haemolytic activity, 

as compared with normal C4 molecules (Matthew et al., 1982).

On activation of C4, a labile group is exposed in the oC 

chain of C4b that enables the molecule to bind covalently to a 

variety of surfaces by formation of an ester or an amide bond
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(Law et al., 1980a; Campbell et al. t 1980). At the same time, 

a free sulphdryl group is found that is undetected in the 

native molecule (Janatova and Tack, 1981). On the other hand, 

small nucleophiles such as methylamine can covalently bind to 

native C4 with concomitant appearance of a free sulphydryl 

group. The identical phenomenon is also observed in complement 

C3 and <( 2 macroglobul in. Double labelling experiments using 

radioactive methylamine.and radioactive iodoacetamide (to label 

the free SH group) together with amino acid sequencing of C3 

established that the free sulphydryl group is derived from a 

cysteine residue, while methylamine covalently bind to a 

glutarate residue which is only three residues away from the 

labile cysteine residue (Tack et al., 1981). Thus it was 

suggested that a thiolester bond is present between the P Cys-tf 

Glu residues. A similar conclusion was also reached from works 

on <^2 macroglobul in (Sottrup-Jensen et al., 1980), Since C4 

also shares the same amino acid sequence (Campbell et al., 

1981; Harrison et al., 1981) around the proposed thiolester 

region and it also exhibits the same chemical reactivities 

described, it is generally accepted that C4 also contains a 

thiolester bond (Law et al., 1980b; reviewed in Tack, 1985; 

Reid and Porter, 1981; Porter, 1984).

There are some unique features for these thiolester 

containing proteins. One is the autolytic cleavage, which 

specifically splits-a peptide bond on the< chain to two 

fragments, by protein defiaturants such as heat or SDS (Sim and 

Sim, 1981). The second one is the lability of the 'exposed' 

thiolester bond in activated C4b and C3b (half life at 37°C =

0.1-1 millisec). This is in marked contrast with simple
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thiolester bond formed in synthetic peptides (half-life = 30 

min at 37°C), and with native C4 and C3 (half-life = 3 months 

at 0°C) (Sim et al., 1981 ). Normally about 90% of the nascent 

C4b (and C3b) will be inactivated through hydrolysis by the 

surrounding water molecules (Law, 1983), while a minor 

proportion will covalently bind to the surfaces of the 

complement activator through a transcylation reaction to form 

amide or ester bonds. Recently, it has been shown that the two 

isotypes of C4, C4A and C4B, exhibit markedly differential 

binding affinity to amino groups and to hydroxyl groups of 

substrates (Isenman and Young, 1984; 1986; Law et al., 1984&-, 

Dodds et al., 1986). On comparison, C4A has a strong 

preference to form amide bond while C4B has a higher affinity 

to form ester bonds. It is hypothesised that the differential 

thiolester activities is modulated by the isotypic residues of 

C4A and C4B (Yu et al., 1986; chapters 4 and 5).

The activaton peptide C4a, like C3a and C5a, promotes 

contraction of the smooth muscle, increases vascular 

permeability and release of histamine from mast cells and 

basophilic leukocytes. However, this anaphylatoxic activity 

from C4 is effective in the micromolar range, making it 100 - 

1,000 fold less potent as a spasmogen than either C3a or C5a. 

Similar to C3a, C4a fails to elicit a significant chemotactic 

response from human neutrophilS, while C5a in the nanomolar 

range promotes chemotaxis (reviewed in Hugli, 1986). C4a 

shows marked sequence homology with the other two 

anaphylatoxins, C3a (30% identity) and C5a (36% identity). 

The complete amino acid sequence of C4a was determined by Moon
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and coworkers (1981), and is 77 amino acid residues in length. 

There are 6 cysteine residues and all of their positions are 

conserved compared with C3a and C5a. This also applies to the 

C-terminal residues, i.e. Arg 77 for C4a and C3a, or Arg 74 

for C5a, which is essential for the anaphylatoxic activity. 

Inactivation by the anaphylatoxin inactivator is achieved 

through the proteolytic cleavage of the C-terminal Arg 

residue. Thus it was proposed that C3a, C4a and C5a are 

homologous molecules and have evolved from the same origin 

(Gorski et al., 1979). The crystal structure of human C3a has 

been obtained (Huber et al., 1980). This allowed the precise 

assignment of the three intra-chain disulphide bonds and also 

the modelling for the structure/function correlation of other 

anaphylatoxins (Greer, 1985).

Thus the role of C4 in the complement system can be 

summarised as follows. It acts as a non-catalytic link protein 

in the classical pathway convertases. It localises the 

response to the immediate vicinity of the site of activation 

and provides a base for the attachment of the lytic 

components. It also participates in immune adherence and 

opsonisation reactions by binding to specific receptors thus 

promoting phagocytosis (Lachmann, 1979). A schematic 

represnetation for the structure of the C4 molecule is shown 

in Fig. 1.7.

The presence of the intra-chain thiolester bonds, the 

similar biological properties of the anaphylatoxins, the 

multiple chain structure, the comparable mol. wt. and other 

biochemical properties shared by human C4, C3, C5 and <& M
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Fig. 1.7 Structural features of human C4

Pro-C4 is synthesised as a single polypeptide chain of 1745 

residues (see chapter 3) and is processed by removing the 

leader peptide, the short basic tetrapeptides between the @ ,oQ 

andflfchains to give the three chain structure. After secretion, 

a further hydrolysis of a peptide (22 residues) from the C- 

terminal end of the *t chain occurs. Three N-linked, biantennary 

complex type oligosaccharide structures are found on the oC chain. 

The single glycosylation site on the ^ chain is of high mannose 

type oligosaccharide. A thiolester bond is located at the middle 

of the oCchain and three clustered sulphation sites are found 

near the carboxyl terminus of the«(chain. The figure is after 

Chan and Atkinson, (1985). Note, the interchain disulphide 

linkages are incorrect; see Fig. 1.6 for details.
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(Table 1.3) together suggests that these proteins are 

evolutionari ly related. Molecular cloning of the structural 

genes encoding these proteins and the determinant ion of their 

primary structures further substantiate the notion. Sequence 

comparison using the computer programme DIAGON has revealed 

stretches of sequence homologies between C4 and C3, and 

between C4 and <&M (Fig. 1.8a, b).

1.4.2 Genetics of C4

The genes encoding human complement C4, C2 and factor B 

were mapped to the major h istocompat ibi 1 ity complex, HLA 

(reviewed in Porter, 1983, 1984, 1985; Campbell et al., 1986). 

Cosmid clones overlapping C2, factor B, C4A and C4B were 

obtained in 1984 (Carroll et al., 1984fli). Subsequently, it was 

shown that the duplicated genes corresponding to the steroid 

P450 21-hydroxylase (210Hase) are present 3* to the 

complement C4A and C4B genes, respectively (White et al., 

1984, 1985; Carroll et al., 1985c). The single gene encoding 

C2 is ~18 kb in size (Bentley et al., 1985). The gene coding 

for the functionally homologous protein factor B is only 6 kb 

long and is split into 18 exons (Campbell et al., 1984). It 

has been shown that the intergenic region between the human C2 

and factor B genes is only 421 bp long (Wu et al., 1987). The 

C4 and 210Hase genes are ~ 30 kb 3' to the factor B gene (Fig. 

1.9). Similar gene orders had been shown in the S region of the 

H2 complex in mouse (Chaplin et al., 1983). Recently, the 

orientation of the MHC class III genes with respect to the 

class I and class II genes has been resolved by pulse field gel

electrophoresis. In mouse, the 210Hase B, C4B genes are ~350
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Table 1.3 Comparison of the biochemical properties among
human C4, C3, C5 and

1.

2.

3.

4.

5.

6.

7.

Chromosomal location

Protein size (aa) 
mol. wt. (kd)

Leader peptide (aa)

Anaphylatoxin 
size (aa)

No. of Cys

Thiolester position

No. of chains

(aa) 
(aa) 
(aa)

C4

6

1726-" 
~200

19

C4a 
77

C4A: 28 
C4B: 27

991-994* 
(

3

656 
767 
291

AM

C3

19

1641 
185

22

C3a 
77

27

988-991* 
1010-1013)

2

623 
1015

C5

ND

ND 
195

ND

C5a 
74

ND

Nil

2

ND 
ND

of i M

12

1451 
180

23

Nil

23

949-952* 
(972-974)

1 (?)

 

8. RNA size (kb) 5.5 5.1 5.2 4.6

With size polymorphism

The N-terminat amino acid residue is taken as number 1. 
Brackets show the numbering as published.



Fig 1.8 Diagonal matrix comparisons between the amino acid 

sequenes of (a) pro-C4 and pro-C3, (b) pro-C4 and 

M

Homology among amino acid sequences of human C4, C3 and 

macroglobulin were analysed using the computer programme 

DIAGON (Staden, 1982b). The N-termini of both sequence 

pairs are at the top left corner and the total number of 

residues in each sequence is shown. The relative positions 

of the chains ( (3 - cC - j ) and of the thiolester site 

(Th) are shown. The sliding window was set at twenty-one 

residues (After Tertia Belt, D. Phil thesis, 1985).
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kb away from a class II gene E (Muller et al., 1987). A 

similar result has been obtained in the case of the human class 

III genes of the HHC and the orientation is established to be: 

centromere    HLA D    210Hase B - C4B - 210Hase A -C4A - 

factor B - C2    HLA B    HLA C    HLA A    telomere 

(Dunham et al., 1987; Carroll et al., 1987).

All of the HLA class III complement component genes and 

proteins are polymorphic (reviewed in Campbell and Bentley, 

1985; Carroll et al., 1985A). Polymorphism of C4A and C4B at 

the protein level has been demonstrated by a variety of 

techniques based on differences in (1) electrical charges by 

agarose typing gels ( Fig. 1.10; Hauff et al., 19839 Sim and 

Cross , 1987); (2) apparent mol. wt. of the ce chain (Roos et 

al., 1982) or the f chain (Mauff et al., 1983b) by SDS-PAGE; and 

(3) antigenic determinants by serological typing (Mauff et al., 

19832L; Gi les, 1987). Partial amino acid sequencing at the C4d 

region from pooled serum also detected variations in amino acid 

sequences (Chakravarti et al., 1983; Hellman et al., 1984). 

Nucleotide sequencing of partial and full length C4 cDNA clones 

for three different C4 allotypes has allowed the location of 

most of the polymorphic sites on C4, although it is difficult 

to correlate these structural variations with respect to the 

C4A/C4B isotypes and to the antigenic determinants. However, 

this laid down the foundation for further studies of C4 at the 

genomic level which has led to the elucidation of the variation 

of C4 in gene number (Carroll et al., 1985k Yu and Campbell, 

1987), in gene size (Carroll et al., 1985a; Yu et al., 1986), 

the location of the C4A/C4B isotypic residues, and the Rg/Ch
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Fig. 1.9 Alignment of the complement genes and the duplicated

genes of 21-hydroxylase in the HLA class III region 

on human chromosome 6

The C2 and factor B genes are 421 bp apart (Wu et. al., 1987). 

They lie approximately 30 kb from the C4A and C4B genes, uhich 

are separated from each other by about 10 kb. The class III genes 

lie between class I and class II genes. The C2 and factor B 

genes are closer to HLA-B, and the 210H B, C4B genes are closer 

to HLA DR (Holler et al., 1987; Dunham et al., 1987; Carrol 1 et 

al., 1987). The class III genes are overlapped by five cosmid 

clones as shown (Carroll et al., 1984a).
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Fig. 1. 10 Polymorphism of C4A and C4B based on the variation of

electrophoretic mobilities

The electrophoretic pattern of various C4 allotypes are detected 

by agarose gel electrophoresis of desialised plasma, immuno- 

fixation with anti-C4 antibodies, and staining. Each allotype is 

represented by one major and two minor bands. This complicated 

band pattern has recently been simplified by Sim and Cross 

(1986), who used plasma pre-treated with carboxypeptidase B for 

typing. Presumably this treatment reduces the irregularities of 

the carboxyl termini of the & and the oC chains. (Figure after 

Mauff et al., 1983).



i 
3
2 
u.
13
a u

91

B

A3

•—7

.—— -6 
---— 51

-— 96

. Relative positions of electrophorctic human C4 allotype patterns (except for C4A 3 and 
B 1, only the major bands are shown).



antigenic determinants (chapters 4 and 5). The biological 

significance of C4 polymorphism is intriguing. It is of 

special interest to explore whether different polymorphic forms 

of C4 would vary in biological activities, and would correlate 

with HLA class I and II products. Another unusal phenomenon is 

the presence of some rare C4 alleles and null alleles with 

certain HLA class I and II alleles in biased combination (i.e. 

linkage disequilibrium) (Alper et al., 1983; 1986). More 

unexpectedly, individuals with some of these HLA haplotypes are 

more susceptible to autoimmune diseases (reviewed in Porter, 

1983; Dawkins et al., 1983; Batchelor and HcMichael, 1987). To 

resolve these questions, background knowledge on the genetics 

and functional activities of various forms of C4 in parallel 

with those of the HLA class I and II products will be 

essential.



CHAPTER 2

MATERIALS AND METHODS



2.1 Materials

2.1.1 Enzymes

Sources of enzymes are as follows.

a) Restriction Enymes. All restriction enzymes were purchased from

Amersham except the following.

Ace I, EcoO 109, Mnl I, New England Biolabs

Nar I, Nhe I, Nla IV;

Asp 718, Ban I, Ban II, Bgl II, Boehringer Mannheim

Bst EII, Cla I, Dra I;

Alu I, Nco I, Sst I, Xho I BRL

Ban I, Dra I. Pharmacia

b) Others

Lysozyme, RNase, DNase

Alkaline phosphatase

DNA polymerase I, Klenow fragment

T4 polynucleotide kinase 

T4 DNA ligase

Nick-translation kit

Multi-primed DNA labelling kit

Sigma

Boehringer Mannheim

Boehringer Mannheim,

Amersham, Pharmacia

Boehringer Mannheim

Gift from G.G. Brownlee

Amersham

Amersham

Amersham

2.1.2 Chemical reagents

Chemical reagents were obtained from BDH, Sigma, Fisons and 

Boehringer Mannheim except for:

Agar No. 1, Yeast extract - Oxoid

Agarose - - Seakem, Pharmacia and Sigma
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Bactotryptone - Difco

Dextran sulphate, Ficoll - Pharmacia

Chemicals for oligonuceotide synthesis - Cruachem

2.1.3 Bacterial strains, plasmids, phages and cell lines

Eschericia coli strain MC 1061 (Casadaban & Cohen, 1980)

JM 103 (Messing et al. t 1981) 

Q 358 (Karn et al. , 1980) 

Q 359 

Plasmids: pAT 153 Pvu II - 8

pATX

Phage: M13 mp8 s mp9 

XEMBL-3

( " " " " )
(Anson et al., 1984)

(Messing & Vieira, 1982) 

(Frischauf et al., 1983)

Media

2 x TY liquid medium

L broth liquid medium

Solid medium 

T broth liquid medium

Solid medium

L-top and T-top Agar 

(Agarose)

15 g bactotryptone, 10 g yeast

extract, 5 g NaCl to 1 litre with water,

pH adjusted to 7.4 with 2 ml 4M NaOH.

10 g bactotryptone, 5 g yeast extract,

10 g NaCl to 1 litre with water.

as above + 15 g/litre No.l Agar.

10 g bactotryptone, 5 g NaCl to 1 litre

with water.

as above + 11 g/litre No.l Agar or

Agarose (Pharmacia).

Liquid media + 7 g/litre No.l Agar

(Agarose)



2.1.4 Radioactive molecules

All radioactive molecules were obtained from The Radiochemical 

Centre, Amersham, Buckinghamshire, U.K.

[a3 P]-dNTPs were 10 mCi/ml, specific activity 3,000 Ci/mmol.

[a P]-dATPs were 10 mCi/ml, specific activity 5,000 Ci/mmol.

[>35S]-dATP was 8-10 mCi/ml, specific activity 1,200 Ci/mmol.

2.2 Overnight Cultures

Bacteria from a glycerol stock or from a single colony were used to 

inoculate 1-50 ml liquid media and incubated at 37°C overnight.

£. coli JM 103 were grown in 2 x TY broth

£. coli MC 1061 were grown in L broth.

£. coli Q 358 and Q 359 were grown in T broth/0.2% maltose and 

adjusted to 10 mM MgCl« just prior to use.

2.3 Preparation of DNA

2.3.1 Small scale isolation of plasmid DNA (10-100 ml) (Birnboim &

Doly, 1979)

Cultures of E.. coli were grown in L Broth containing 100 ug/ml 

ampicillin to an A  0.8 OD units. 1 ml was removed and centrifuged at 

low speed in a MSB microfuge for 1 min at room temperature. The pel­ 

leted cells were resuspended in 200 pi Hogness freezing buffer (4% 

glycerol/3.6 mM di-potassium hydrogen phosphate/1.3 mM potassium dihyd- 

rogen phosphate/2 mM sodium citrate/ 1 mM MgS04 ; Hogness & Simmons, 

1964) and stored at -20°C or -70°C. To the remaining culture chloram- 

phenicol was added to 200 ug/ml (Clewell & Helsinki, 1972) and the 

culture grown in a rotatory shaker at 37°C overnight.



The cells were pelleted in the MSE 6L centrifuge at 3000 r.p.m. for 

10 min at 4°C, and then resuspended in 50 mM glucose/10 mM EDTA/25 mM 

Tris, pH 8.0 (150/10 ml culture). The cells were lysed by the following 

successive treatments (a) 5 mg/ml lysozyme for 30 min at 0°C, (b) two 

volumes 0.2 M NaOH/1% SDS for 5 min at 0°C, (c) one half volume 3 M 

NaAc, pH 4.8 for 30 min at 0°C. The solution was centrifuged twice at 

11,000 g and the clear supernatant phenol/chloroform extracted. The 

plasmid DNA was precipitated from the aqueous phase with an equal volume 

of isopropanol, resuspended in 0.3 M NaAc (300 pi/10 ml starting cul­ 

ture) and reprecipitated with 2.5 volumes of ethanol. The pellet was 

washed with 70% EtOH, dried under vacuum and resuspended in 10 mM 

Tris/0.1 mM EDTA, pH 8.0 (20 ul/10 ml starting culture). The plasmid 

DNA was incubated at 37°C for 30 min with 5 ug/ml heat inactivated 

pancreatic RNase, and then stored at -20°C.

2.3.2 Large scale isolation of plasmid DNA, cosmid DNA (500-1,000 ml)

(Radloff et al., 1967; Maniatis et al., 1982)

Cultures of £. coli were grown in L broth containing ampicillin but 

only plasmid DNA cultures were treated with chloramphenicol. After the 

overnight incubation the cells were harvested and lysed as described 

(Section 2.3.1). The phenol extraction step was omitted and the DNA was 

precipitated with isopropanol. The DNA pellet was washed, dried and 

processed either as (1) or (2).

1. Resuspend pellet in 15 ml of SET (150 mM NaCl/5 mM EDTA, pH 8.0, 50 

mM Tris, pH 8.0), 300 M! of 0.5% ethidium bromide and an equal 

weight of CsCl were added to the DNA. The solution was transferred 

to a 38 ml Beckman ultracentrifuge tube, topped up with liquid 

paraffin, capped, sealed and centrifuged for 17 hr at 35,000 r.p.m. 

at 18°C in a Ti 60 rotor. The centrifuge was stopped without the



brake and the solution transferred away from the large RNA pellet 

to a clean centrifuge tube. This was capped as before and re-spun 

for 60 hr at 35,000 r.p.m. at 18°C.

2. Resuspend pellet in 6 ml of SET. 200 ul of 0.5% ethidium bromide 

and 8 g of CsCl were added to the solution. The solution was 

transferred to a 9 ml Beckman ultracentrifuge tube, topped up with 

liquid paraffin, capped, sealed and centrifuged overnight (^16 hr) 

at 55,000 r.p.m. at 18°C in a Ti 70 rotor (L8 centrifuge). The 

speed was then shifted to 45,000 r.p.m. and the rotor was spun for 

an hour under the same conditions so as to allow 'relaxation 1 of 

the DNA bands. The centrifuge was stopped.

Both procedure 1 and 2 achieved the similar result. Two bands of 

DNA were visible. The upper band of linear DNA and the lower band of 

closed circular DNA were collected separately by puncturing the tube 

with a needle just below the band.

Ethidium bromide was removed by repeated extractions with equal 

volumes of 1-butanol. The DNA was recoved by addition of 3 volumes 

water and 2 volumes ethanol. The DNA was reprecipitated once, washed, 

dried, resuspended in 10 mM Tris/0.1 EDTA, pH 8.0 and stored at -20°C.

The DNA concentration was estimated through spectroscopic measure­ 

ment assuming that 1.0 OD26Q unit = 40 ug/ml of DNA. Normally, (intact) 

DNA extracted from the lower band was used for experiments.

2.3.3 Isolation of replicative form of bacteriophage M13 mp9

10 ul of an overnight culture of £. coli JM 103 was used to inocu­ 

late 1 litre of 2 x TY liquid broth and incubated at 37°C until A600 = 

0.6 OD units. 10 ml of an overnight culture of £. coli JM 103, infected 

with a single viral plaque of bacteriophage M13 mp9, were added to the 

culture and incubated at 37°C for a further H-2 hr (A6QO - 1.0). The



cells were then harvested and lysed as described (Section 2.3.1). The 

bacteriophage DNA was purified by centrifugation to equilibrium in CsCl 

gradients as described (Section 2.3.2). After ethanol precipitations 

the DNA was resuspended in 10 mM Tris/0.1 mM EDTA, pH 8.0 and stored at 
4°C.

Replicative form of bacteriophage M13 mp8, prepared under the same 

method described above, was kindly given by K. T. Belt.

2.3.4 A small scale isolation of bacteriophage XDNA (Manitatis et al.,

1982)

About 10 p.f.u. of bacteriophage were mixed with 2 ml of £. coli Q 

358 and incubated at 37°C for 30 min. This was mixed with 9 ml molten T 

top agarose, poured onto 14 cm T broth agarose plates and kept at 4°C 

for 4-8 hr. The phage suspension was transferred to a 50 ml Sorval SS34 

centrifuge tube and kept at 4°C. The top agarose was scratched with a 

sterile spatula and transferred to a fresh SS34 centrifuge tube. 8-10 

ml of phage buffer was added. The centrifuge tube was sealed and shaken 

at 37°C for 2 hr. It was spun at 8000 r.p.m. 4°C for 15 min, using a 

SS34 rotor in a Sorval RC-5B centrifuge. The supernatant was pooled to 

the original phage suspension and spun twice under the same conditions 

to remove residual bacterial debris. To the clear supernatant, 

pancreatic DNase I and RNase A was added, each at a final concentration 

of 10 ug/ml and incubated at 37°C for 30 min. Polyethylene glycol (PEG) 

mol. wt. 8000 and solid NaCl were added to a final concentration of 10% 

(w/v) and 0.5 M respectively. The phage suspension in a fresh 

centrifuge tube was left at 4°C for 8-16 hr with occasional shaking. 

The bacteriophage particles were recovered by centrifugation at 10,000 

r.p.m. for 20 min at 4°C in the Sorval centrifuge. The pellet was 

resuspended in 0.6 ml of phage buffer and left at 4°C for 2 hr.



Debris was removed by low speed spinning in a microfuge for 2 min. The 

supernatant, in two Eppendorf vials, was incubated in 0.1% SDS/5 mM EDTA 

pH 8.0 at 68°C for 15 min. The aqueous phase was extracted once with 

phenol, phenol/chloroform (1:1), 2-3 times with chloroform and then 

precipitated with an equal volume of isopropanol. The DNA pellet was 

washed, dried, resuspended in 50 pi 10 mM Tris/0.1 mM EDTA pH 8.0 and 

stored at -20°C.

2.3.5 Large scale preparation of bacteriophage DNA

6-10 plate lysates were prepared under the identical conditions 

described. 300 ml centrifuge bottles and MSE centrifuge was used. 

Speed of centrifugation was at 8000 r.p.m. After the PEG precipitation, 

the recovered phage particle was resuspended in 3 ml of phage buffer (in 

6 vials). The supernatant was spun in microfuge to remove debris, and 

then chloroform extracted to removed PEG. It was further purified by 

spinning at 25000 r.p.m., 4°C, for two hr using a SW50 rotor in a 

Beckman L5 or L8 ultracentrifuge. The phage pellet was resuspended in 

0.5 ml of phage buffer and kept at 4°C overnight. Residual debris was 

removed by low speed spinning in microfuge.

2.3.6 Isolation of chromosomal DNA (Bell et al., 1981)

Chromosomal (or genomic) DNA was isolated from EBV-transformed 

lymphoblastoid cells or from white cells (i.e. buffy coat) of blood. 

The buffy coat is a thin layer cell that forms between red cells and 

plasma when the whole blood is centrifuged at 2,500 g for 15-30 min.

Cell nuclei were prepared by adding 40 ml of lysis buffer (0.32 M 

sucrose/10 mM Tris, pH 7.4/5 mM MgCl 2/l% Triton-XlOO) to cells in a 

Falcon tube and spin at 2000 r.p.m. for 15 min at 5°C in the MSE 6L



centrifuge. The supernatant was discarded. This lysis procedure was 

repeated twice. The nuclei were resuspended in 10 ml SET (150 mM NaCl/5 

mM EDTA/50 mM Tris, pH 8.0). To the suspension proteinase K was added 

to 100-200 ug/ml, SDS to 0.5%. It was incubated at 37°C until all of 

the clumps were solubilized. The solution was then extracted twice with 

phenyl: chloroform: isopropanol (25:24:1) and once with chloroform:iso­ 

propanol (24:1). After centrifugation at 2,000 r.p.m. for 15 min at 4°C 

the organic layer was removed using a syringe, leaving behind the 

aqueous layer and interface. For the final extraction the aqueous layer 

was removed to clean tube and genomic DNA precipitated with 2.5 volumes 

of chilled ethanol (-20°C). The DNA precipitated immediately and was 

removed with a sealed pasteur pipette. It was briefly washed in 70% 

ethanol, dried and resuspended overnight at 4°C in 200 pi 10 mM Tris/1 

mM EDTA, pH 7.4. The DNA was then dialysed against 10 mM Tris/1 mM 

EDTA, pH 7.4 overnight at 4°C, and stored at 4°C at approximately 0.5-1 

mg/ml.

2.4 Restriction Digests of DNA

Digestion of DNA by restriction enzymes were performed under 

manufacturer's suggested conditions. Analytic digests used 100-1000 ng 

DNA in a reaction volume of 10-20 ul. Preparation digests used 5-20 ug 

DNA in 50-100 Ml reactions. Generally the amount of enzyme used was 

above the 1 unit/ug level. 1 unit of restriction enzyme is the amount 

stated by the manufacturer to fully digest 1 ug of DNA (mostly X DNA) in 

60 min. All digests were carried out at 37°C except Sma I (Boehringer 

Mannheim) at 25°C, Bst EII at 60°C and Taq I at 65°C. 30 pi of paraffin 

was added to the Bst EII or to Taq I digests. Genomic DNA was



restricted for 16-24 hr in a reaction volume of 40 ul. All other DNA 

samples were fully digested after 2 hr.

2.5 Radiolabelling of DNA

2.5.1. 'Fill in 1 reaction (Wu and Taylor, 1971; Maxam and Gilbert,

1980)
32 a PdNTPs were incorporated into DNA fragments by a 'fill-in'

reaction using the 'Klenow' fragment of DNA polymerase I. Restriction 

digests were labelled directly by adding 5 units DNA polymerase I 

('Klenow' fragment) per 50 pi total reaction volume together with 1-50 

uCi of a -PdNTP and dNTPs to a final concentration of 20 uM (see

below). The reaction was incubated at room temperature for 20 min. and
32

chased with cold dNTP (corresponding to the a PdNTP) at room tempera­ 

ture for a further 10 min.

For most 'fill-in 1 reactions the dNTPs added were the three neces-

32 sary to complement the a PdNTP. In the case of fragment preparation

for blunt-end ligation into PAT-153 or M13, only 1/10 of digested DNA

32 
was end-filled with a PdNTP as described. All four dNTPs (cold) were

added to the rest to ensure that all the fragments were blunt-ended.

2.5.2 Kinase labelling (Maxam and Gilbert, 1980)

The 5' ends of oligonucleotides were labelled by mixing 25-50 ng 

DNA in 50 mM Tris, pH 7.6/10 mM MgCl 2/10 mM DTT with 75 uCi [ Y32P]-dATP 

and 8 U T4 polynucleotide kinase in a total volume of 20 ul. The 

reaction was incubated at 37°C for 30 min then terminated with 20 mM 

EDTA. The DNA was desalted on a 1 ml Sephadex G-50 superfine column.



2.5.3 Nick translation (Rigby et al., 1977)

50-100 ng DNA in 5 mM MgCl 2/50 mM Tris, pH 7.8/20 mM B-mercapto- 

ethanol/50 pg/ml BSA was mixed with 20 pCi [a32P]-dATP, 20 pM dCTP, 

dGTP, TIP and 5 pi Amersham 'nick translation 1 enzyme (2.5 U DNA 

Polymerase I and 50 pg DNase 1) in a total volume of 100 Ml. The 

reaction was incubated at 16°C for 2 hr then terminated with 10 mM EDTA 

and heating at 70°C for 10 min. The DNA was desalted on a 1 ml Sepha- 

cryl S-300 column.

2.5.4 Multi-primed labelling (Feinberg and Vogelstein, 1984) 

This technique involves the application of random sequence 

hexanucleotides to prime DNA synthesis on denatured DNA at numerous 

sites along its length. Restriction endonuclease DNA fragment can be 

radiolabelled to high specificy indifferent to inhibition by 

contaminants from agaorse gels. 25-50 ng of DNA in 10 pi of sterilzed 

water was denatured at boiling water bath for two min and then chilled 

on ice. 15 pi of commercial multiprime buffer solution (which contains 

dATP, dGTP, TTp random hexanucleotides, in a concentrated buffer

solution with Tris pH 7.8, MgClp, B-mercaptoethanol and BSA), 2 U of DNA
32 polymerase I, Klenow fragment, 20 pCi a- PdCTP and sterilized water

were added to a reaction volume of 50 pi. Radiolabelling was carried 

out at room temperature for 5 hr and terminated by adding EDTA to 20 mM. 

The DNA was desalted on a 1 ml sephacryl S-300 column. Normally more 

than 60% of label was incorporated.

2.6 Gel Electrophoresis

2.6.1. Polyacrylamide gel electrophoresis (Sanger and Coulson, 1978:

Maxam and Gilbert, 1980)

40 cm x 20 cm glass plates were used. The notched (i.e. top) glass 

plate was treated with a 2% solution of dimethyldichlorosilane in 1,1,1 

trichlorethane, space with 0.3 mm strips of plastic card and taped



together with the bottom glass plate using waterproof electrical tape 

(i.e. Tuck Tape). Sample wells 2 mm-2.5 mm in width were formed at the 

top of the gel by insertion of a shaped plastic card 'comb' between the 

glass plates.

A 40% acrylamide stock solution was prepared by dissolving 38 g 

acrylamide and 2 g bis-acrylamide per 100 ml water final volume. The

solution was de-ionised by stirring with 5 g 'Amerlite 1 MB-3 monobed 

resin for 30 min, filtered and stored at 4°C in a dark glass bottle.

4-20% gels were prepared by mixing stock acrylamide solution with 5 

ml 10 x TBE (900 mM Tris/900 mM boric acid/25 mM EDTA, pH 8.3) in a 

total volume of 50 ml. 21 g urea were added for denaturing gels. To 

catalyse the polymerisation, 0.2 ml 10% ammonium persulphate and 0.08 ml 

TEMED were added, the solution mixed and poured. Loading dyes were 

added to each electrophoresis sample. For native gels a glycerol dye 

mix of 30% glycerol in 5 mM EDTA, 0.1% xylene cyanol and bromophenol 

blue was used. For urea gels a formamide dye mix of 60% formamide in 35 

mM EDTA, 0.1% dyes was used, and all samples were boiled for 4 min then 

chilled on ice prior to loading.

Gels were electrophoresed in 1 x TBE for H-4 hr at a constant 

current of 15 mA for 20%'gels and 20-30 mA for lower percentage gels. A 

thin metal plate was used to back up the bottom glass plate so as to 

circumvent the 'smiling effect 1 of the gel caused by uneven heating 

during electrophoresis.

2.6.2 Autoradiography (Laskey and Mills, 1977)

Gels were covered with cling-film and autoradiographed using X-OMAT 

'S' X-ray film (Kodak) with a phosphotungotate intensifying screen 

(Cronex Lightening Plus, Dupont) at 4°C or -70°C. The films were 

sensitized by pre-flashing and developed in an MEI X-OMAT automatic 

processor.

S4-



2.6.3 Agarose gel electrophoresis (submerged gels) (Southern, 1979)

0.6-2% agarose horizontal slab gels were run using the BRL gel 

apparatus. 300 ml agarose in 1 x TBE were poured into the gel tray and 

left for 1 hr. 2 litres 1 x TBE were used as running buffer. Gels were

stained by direct addition of 1 mg ethidium bromide to the agarose 

before pouring. With genomic DNA the gels were stained after electro­ 

phoresis by submerging the gel in 1 x TBE/2 mg/litre ethidium bromide 

for 30 min. Samples were mixed with glycerol dye mix and electro- 

phoresed overnight at 50-70 mA.

For less accurate resolution, the ('Uniscience 1 minigel apparatus 

was used (Johnson and Grossman, 1977). 30 ml agarose was used to form 

the gel and running buffer was 60 ml 1 x TBE/lOul 0.1% ethidium bromide 

solution. Samples were mixed with glycerol dye mix and electrophoresed 

at 30-100 mA for 1-3 hr.

The ethidium bromide stained DNA (or RNA) was visualised under 

short-wave ultra-violet light (Sharp et al., 1973) using a 'Fotodyne 1 

transilluminator, and photographed using a Polaroid MP4 camera fitted 

with a red filter. 

2.7 Recovery of DNA from gels

2.7.1 Elution of DNA from acrylamide gels (Maxam and Gilbert, 1980)

The section of gel containing the DNA of interest (identified by 

superimposition of the autoradiograph on the gel) was excised with a 

razor blade placed in a siliconised glass tube containing 0.5 ml 2 M 

ammonium acetate. The DNA was eluted at 37°C overnight with constant 

shaking. After elution the supernatant was removed and the gel slice 

washed with 200 pi 2 M ammonium acetate. The supernatants were pooled 

and residual acrylamide removed by centrifugation for 5 min in a micro- 

fuge at room temperature. 1.5 volumes of ethanol were added to the 

supernatant and the DNA pelleted after precipitating at -70°C for 30 

min. The pellet was resuspended in 300 pi 0.3 M NaAc, pH 6.0 and 

ethanol precipitated twice more before washing in 70% ethanol and drying



under vacuum. The DNA was resuspended in 10-30 ul of 10 mM Tris/0.1 mM 

EDTA, pH 8.0.

2.7.2 Elution of DNA from agarose gels (Maniatis et al., 1982)

Dialysis membrane ('Visking') was boiled for 10 min in 2% NaHC03/l 

mM EDTA, rinsed, re-boiled for 10 min in distilled water, cooled and 

stored at 4°C in 20% methanol. To elute DNA from agarose minigels, an 

incision was made in the gel directly ahead of the fragment (visualised 

under ultraviolet light). A small piece of Whatman 3 mm paper backed by 

trimmed 'Visking 1 membrane was inserted into the incision and the gel 

electrophoresed for 2-3 min until the DNA fragment was no longer visible 

on the gel. The DNA was recovered by centrifuging the paper and the 

membrane in a 0.75 ml Eppendorf tube, pierced at the apex, nested in a 

1.5 ml Eppendorf tube. The paper and membrane were washed twice with 

100 Ml SET (150 mM NaCl/50 mM Tris/1 mM EDTA, pH 8.0) and the washing 

collected as above. The combined washing were extracted once with 

phenol/chloroform, ethanol precipitated, washed, dried and resuspended 

in 20-50 pi 10 mM Tris/0.1 mM EDTA, pH 8.0.

2.8 Sub-cloning of DNA fragments into pAT 153/Pvu 11/8 vector 

2.8.1 Preparation of E. coli MC1061 competent cells

1 1 of MC1061 cells were grown to an A60Q 0.2-0.3 OD units, chilled 

on ice for 10 min and centrifuged at 3000 g for 10 min at 4°C in the MSE 

centrifuge using 6 x 500 ml rotor. The cells were gently resuspended in 

0.2 volume 25 mM CaCWIO mM Pipes, pH 6.6 and transferred to two 50 ml 

Falcon tubes. The cells were re-pelleted in MSE-6L centrifuge at 2000 

r.p.m. for 5 min and gently resuspended in 20 ml of 10 mM Pipes, pH 

6.6/50 mM CaCW^ glycerol. 200 M! aliquots were snap frozen in a dry 

ice/ethanol bath and stored at -70°C. The cells were thawed slowly on



ice for 10 min before use. Efficiency of transformation by pAT 153/Pvu 

11/8 vector was about 0.6-2 x 10 transformant per ug of vector.

2.8.2 Ligation and transformation

Pvu II-cut and phosphatased pAT 153/Pvu II/8 or pATX vectors were 

kindly provided by K. T. Belt and L.C. Wu respectively. The bulk or 

gel-eluted restriction endonuclease digested, blunt-end DNA fragments 

(2-200 ng) were mixed with 2-10 ng of plasmid vector, in 1 mM rATP/50 mM 

Tris pH 7.4/10 mM MgCl 2/20 mM DTT/50 ug/ml BSA/0.2 mM spermidine and 2 U 

of T4 DNA ligase in a final volume of 10 ul. This was incubated at room 

temperature for 5 hr. 100 ul of competent cells was added to the 

ligation mixture, left on ice for 10 min and 37°C for 5 min before 

addition of 4 volumes of L broth. The transformed cells were incubated 

at 37°C for 1 hr to allow expression of antibiotic marker. 50 and 200 

pi of transformed cells were plated onto L agar/ampicillin (LA) plates 

and incubated overnight at 37°C. 50-1000 bacterial colonies were 

spotted onto duplicate LA plates with grids and grown for 5-8 hr. 

Bacterial colonies on one of the duplicates were transferred onto 

Whatman 541 filters. The filters and the plates were also marked in an 

identical fashion so they can be matched up later. The other (master) 

plates were sealed with parafilm and stored at 4°C while filters were 

processed.

2.8.3 Screening of colonies for positives (Denhardt, 1966; Gergen

et al., 1979)

The colonies were lysed in situ by floating the filters with colony 

side up on the following solutions

a) 0.5 M NaOH 5 min

b) 0.5 M Tris, pH 7.4 5 min



c) 0.5 M Tris, pH 7.4 5 min 

( 1 x SSC is 150 mM NaCl/15 mM Na Citrate, pH 7.0)

and followed by brief dipping into 95% ethanol. Filters were dried on 

Whatman 3 MM paper at room temperature.

The filters were prehybridised at 42°C for at least 2 hr in 5 x 

SSC/0.2% Ficoll/0.02% BSA/0.02% polyvinylpyrrolidone/10% dextran sul­ 

phate 50% formamide, containing 100 ug/ml sheared salmon sperm DNA and 

10 ug/ml £. coli with pAT 153/Pvu II/8 DNA which had been boiled for 5 

min and 'snap-cooled' before use. The filters were hybridised for 16 hr 

in the same buffer containing > 2 x 105 dpm/ml of [ 32P]-labelled probe, 

also denatured by boiling before use.

After hybridisation the filters were washed as follows:

4 times in 2 x SSC/0.1% SDS for 15 min at room temperature. 

2 times in 0.1 x SSC/0.1% SDS for 30 min at room temperature. 

The filters were air dried and autoradiographed. The autoradio- 

graph was used to match with the original plates via the markings on the 

filters. Positives were picked from the other unprocessed master plate.

2.9 Organic synthesis of pligonucleoties by the phosphotriester method.

(Sproat and Gait, 1984).

A 20-mer oligonucleotide, (5 1 CAGGAGACATCTAACTEECT 3 1 ) which 

corresponds to the DNA sequence 30 nucleotides 5' to the C4d isotypic 

region (Yu et al., 1986) was chemically synthesized and used as DNA 

sequencing primer (Section 2.10).

The phosphotriester solid-phase synthesis method was used. In this 

method a 5'-0-protected deoxyribonucleotide corresponding to the first 

3' nucleotide of the primer was attached to a solid support. Chain 

assembly was by alternating terminal 5'-deprotection reactions and



coupling reactions. In both cases excess reagents were added to drive 

the reaction to completion and unreacted components removed by washing 

of the support with an appropriate solvent. Cycles of synthesis were 

continued until the required length was obtained and then the oligonuc- 

leotide was cleaved from the support, protecting groups removed, and the 

deprotected oligonucleotide purified.

2.9.1 Support functionalisation and chain assembly

(a) support functional isation.

The oligonucleotide was synthesized by a semi-manual Cruachem 

module. Two micromole of resin, polydimethylacrylamide-kieselguln 

thymine deoxyribonucleoside, was packed in a reaction column. Air 

bubbles were removed by gentle stirring of the resin in pyridine. The 

resin was treated with 10% V/V phenylisoyanate: pyridine for 10 min. 

The resin was functionalised as the 5' protecting group on the nucleo- 

tide was removed.

(b) coupling

The column was washed with pyridine. As oligodeoxyribonucleotides 

are synthesized from the 3' end to the 5' end, dexysinucleotide phos- 

phodiester triethylammonium salt which correspond to the second most 3' 

residue (i.e. cytosine) was added. One-shot pack of such nucleotide was 

dissolved in 230 pi pyridine, of which 115 pi was added to a glass vial 

containing 25 mg coupling reagent, l-mesitylene-sulphonyl-3-nitro-l,2,4- 

triazole (MSNT). 10 ul of catalyst, 1-methylimidazole, was added. The 

reagents were injected to the reaction column. After 15 min, excess 

reagents were removed by pyridine wash, subsequently, dichloroethane was 

added to the column.



(c) deprotection

The 5' protecting group of the nucleotide on the resin was removed 

by washing with 3% (v/v) dichloroacetic acid in dichloroethane, 40 sec 

for nucleotide A or G, or 75 sec for nucleotide C or T. Afterwards, the 

column was washed with excess dichloroethane, and then with pyridine.

(d) The coupling, and deprotection cycles (b and c) were repeated for 

other nucleotides until the last 5'-nucleotide was coupled.

2.9.2 Deprotection and purification of the oligonucleotides

(a) Detachment of oligonucleotides from resin and removal of 2-choro-

phenyl groups from the phosphate.

After the last coupling reaction, the column was washed with 

pyridine. The resin was transferred to an Eppendorf vial and washed 

with 1 ml 50% (v/v) dioxan in water, twice. 150 mg 2-pyridinealdoxime, 

125 pi tetramethylguanidine in 1 ml 50% dioxane was added and reaction 

mixture was left in dark for 16 hrs, at room temperature. The 2-chloro- 

phenyl protecting groups were removed and the succinate linkage was 

cleaved. The supernatant was transferred to a round-bottomed flask. 

The resin was washed with 50% dioxan and the supernatant was pooled, 

evaporated using a rotatory evaporator, under reduced pressure and the 

use of a 60°C water bath.

(b) Acyl groups and 5' protection groups

To the flask with processed oligonucleotides, 5 ml concentrated 

ammonia solution (about 35% ammonia by weight, specific gravity 0.88) 

was added, the flask was sealed and left at 50°C for 6 hrs. The acyl 

protecting groups were removed. The flask was cooled down at room 

temperature and left unstoppered in the fume-hood overnight. The sample 

was then dried using a rotatory evaporator as described. To the dried 

sample, 5 ml water was added and the evaporated, to remove residual



ammonia. The evaporated residue was treated with 5 ml 80% (v/v) acetic 

acid in water for 30 min to remove the 5'-terminal protecting group. 

The sample was evaporated and subsequently dissolved in 5 ml water, 

(c) Purification of oligonucleotides

Organic compounds were removed by either extraction, twice. 

Residual ether was removed by evaporation and the dried sample resus- 

pended in 4 ml of water. The suspension was desalted on a G-25 column, 

using 20% ethyl alcohol as eluant. 3 ml fraction were collected and 

oligonucleotide concentration was monitored by a UV-spectometer. 

Fraction peaks were pooled and dried. The oligonucleotides were further 

purified by gel electrophoresis, using a 20%, denatured acrylamide gel. 

After electrophoresis, oligonucleotide band corresponding to the 20-mer 

was excised, as visualized under a fluorescent thin layer chromatography 

plate and overhead UV source. The oligonucleotide in the gel was eluted 

with 1 ml water in a 37°C shaken for 16 hr. The eluant was desalted in 

a G25 column to remove urea and fraction-collected as described. 

Breakthrough peak under UV was pooled and dried. The purified oligonuc­ 

leotides was resuspended in 50 ul of 10 mM Tris, pH 7.4, 0.1 mM EDTA and 

kept in -70°C.

2.10 Dideoxy DNA sequencing

2.10.1 Preparation of vector (Messing, 1983)

10 ug of the replicative form of bacteriophage M13 mp8 or mp9 was 

cleaved with 30 units of Sma I enzyme at 25°C for 3-4 hr; then with 5 ug 

of calf intestinal alkaline phosphatase at 37°C for 30 min. The DNA was 

extracted extensively with phenol/chloroform before recovery by ethanol 

precipitation. Sometimes it was necessary to repeat the phosphatase 

reaction.

6/



2.10.2 Sub-cloning of DNA fragment onto M13 vectors

a) Random (Deininger, 1983)

Approximately 10 pg restricted DNA was isolated from an 

agarose gel (Section 2.7.2). The sample was sonicated in a MSE 

sonicator for 30 sec (i.e. 6x5 sec) on ice, breaking the DNA at 

random positions. The sheared fragments were repaired in the 

presence of all four nucleotides (Section 2.5.1) using £. coli 

polymerase I Klenow fragment. DNA fragments between 300-1000 base 

pairs in size were reovered by a 1.5% agarose gel.

b) Non-random

DNA restriction fragments were isolated from acrylamide or 

agarose gels as described in Section 2.7.

c) Li gation

20 ng cut and phosphatased vector was mixed with 5-50 ng DNA 

in 1 mM rATP/50 mM Tris, pH 7.4/10 mM MgCl 2/20 mM DTT/50 pg/ml 

BSA/2 mM spermidine in a final volume of 10 pi. About 2 units of 

T4 DNA ligase was added and the ligation reaction was carried out 

at 16°C for 16-24 hr (Winter et al., 1981).

d) Transformation of E. coli JM 103 competent cells

The cells were made competent by the following treatment. 500 

pi of an overnight culture of JM 103 was diluted into 50 ml 2 x TY 

broth and grown to an A60Q of 0.4-0.6 OD units. The cells were 

pelleted by centrifugation at 2000 g at 4°C for 10 min in the 

MSE-6L centrifuge. The cells were resuspended in 10 ml 50 mM 

CaCWlO mM Tris, pH 7.4 and left on ice for 30 min. The cells 

were pelleted again, resuspended in 6 ml of the same buffer and 

stored at 4°C. The cells were normally competent for up to 3 days. 

200 pi competent cells were added to the ligation mix, incub­ 

ated at 0°C for 45 min and then heat-shocked at 42°C for 5 min.



The transfected cells were added to 3 ml molten L top agar contain­ 

ing 25 ul of 2.5% aqueous solution of isopropylthiogalactoside 

(IPTG) and 50 ul of 2% bromochlorindolylgalactoside (BCIG in 

dimethylformamide, kept at 45°C. Finally, 0.5 ml of overnight JM 

103 cells was added, gently mixed and poured onto 2 x TY agar 

plates.

Incubation of the plates overnight at 37°C resulted in the 

production of blue and white plaques; areas of lower density cells 

caused by M13, a non-lytic persistent phage, reducing the growth 

rate of infected cells. Blue plaques represent bacteria containing 

M13 which has 6-galactosidase activity due to complementation 

between the M13 and JM 103. IPTG induces enzyme synthesis which 

hydrolyses BCIG, a substrate analogue, releasing a blue indolyl 

derivative. The cloning site in M13 is within the 6-galactosidase 

gene. The M13 can no longer complement the *M 15' protein of the 

host (Messing et al., 1977), no dye is released and white plaques 

will result.

2.10.3 Preparation of phage DNA (Sanger et al., 1980)

Agar plugs of white plaques were grown in 1.5 ml of one hundredth 

dilution (15-18 ul) of an overnight culture of JM 103 in 2 x TY broth at 

37°C for 5 hr, with vigorous, constant shaking. The medium was trans­ 

ferred to an Eppendorf tube and spun for 5 min in a microfuge at room 

temperature. The supernatant was transferred to a fresh tube and respun 

for 5 min. Approximately 1.2 ml of this supernatant was transferred to 

another tube containing 200 ul 20% polyethylene glycol/2.5 M NaCl, mixed 

and kept on ice for 30 min. This was centrifuged for 10 min, the 

supernatant discarded, and all residual PEG removed. The pellets were 

resuspended in 100 ul 10 mM Tris/0.1 mM EDTA pH 8.0, phenol/chloroform
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extracted and precipitated with 10 pi 3 M NaAc pH 6.0 and 300 pi 95% 

ethanol at -70°C for 30 min. The DNA was pelleted, washed in 70% 

ethanol, dried and resuspended in 30 pi or 50 pi Tris/0.1 mM EDTA, pH 

8.0. The single strain phage DNA was stored at -20°C.

2.10.4 Relative orientation of integrated fragments (Herrmann et al.,

1980)

The orientation of the cloned restriction fragments was determined 

as follows. 2 pi of each clone was mixed with 2 pi of a reference clone 

in a sealed glass capillary in the presence of 4 pi 600 mM NaCl/70 mM 

MgCl 2/60 mM Tris, pH 7.4 and 1 pi 50% glycerol/1% SDS/bromophenol blue. 

The tubes were incubated at 67°C for 30-60 min, snap cooled in icy water 

and electrophoresed on a 0.8% agarose minigel. Cloned DNA containing 

fragments of opposite orientation hybridised with each other and mig­ 

rated slower due to the increase in size.

2.10.5 Sequencing reaction (Sanger et al., 1977; Biggin et al., 1983;

Williams et al., 1986)

Besides the application of a chemically synthesised oligonucleotide 

for sequencing the C4d isotypic region (Section 2.9), a universal 

oligonucleotide primer (Duckworth et al., 1981) used to prime for 

synthesis using single-stranded DNA as template for all sequencing 

reactions. The sequence of the oligomer was:

5'd (GTAAAACGACGGCCAGT) 3' 

The composition of the mixes used was:

 A 1 mix :- 0.125 mM dCTP; 0.125 mM dGTP; 0.125 mM dTTP: 15pM ddATP 

'C 1 mix :- 6.25 pM dCTP; 0.125 mM dGTP; 0.125 mM dTTP: 40pM ddCTP

 G' mix :- 0.125 mM dCTP; 6.25 pM dGTP; 0.125 mM dTTP: 80pM ddGTP

 T 1 mix :- 0.125 mM dCTP; 0.125 mM dGTP; 6.25 pM dTTP: 250pM ddTTP



op
a) Sequencing using P-dATP

Approximately 2ng primer was hybridised with 8 pi single-stranded 

DNA (initial volume = 50 Ml) in 13.6 mM Tris/6.8 mM MgCl 2 , pH 8.5, in a 

total volume of 11 ul, at 60°C for 1 hr. 2 ul of primed clone were 

added to four tubes: T, C, G, A. To this was added 2 pi of the correct 

mix of 2 Ml of enzyme mix: 2 U DNA polymerase I, 'Klenow' fragment 

(Boehringer or Pharmacia) and 2.5 MCi [ct- 32P]-dATP in 11 mM DTT/0.15 MM 

dATP/10 mM Tris pH 8.0.

The reaction was started by mixing the reactants in a capless 

Eppendorf tube in a microfuge. The reaction was incubated at room 

temperature for 15 minutes and chased for another 15 minutes with 2 Ml 

0.5 mM dNTPs. The reaction was stopped by the addition of 4 M! form- 

amide dye mix (Section 2.6.1), and the samples boiled for 3-4 min and

snap-cooled.
35b) Sequencing using S dATP

32The sequencing reaction was virtually identical to P-dATP sequen­ 

cing method except with the following modifications:

i) M13 DNA (Section 2.10.3) was resuspended in 30 M! instead of

50 M! so as to increase the M13 template concentration, 

ii) The first sequencing reaction (i.e. prior to the chase reac­ 

tion) was left for 20 min instead of 15 min. 

iii) About 1.5-2.0 M! of reaction mixture was loaded to the gel 

instead of 0.5-1.0 Ml.

2.10.6 Electrophoresis of sequenced samples

The samples were run on either (a) 6% denaturing gels (Section 

2.6.1) at 25 mA for 4-5 hr or (b) buffer gradient gels at 30 mA for 1 hr 

20 min (Biggin et al., 1983). Prior to preparing both types of gel the 

back plate was treated with 2.5 ml ethanol containing 75 Ml 10% acetic



acid and 7.5 pi 'Wackersilicone GF 31' (Wacker Chemie, W. Germany) 

(Garoff and Ansorge, 1981). The solution was rubbed well onto the glass 

then washed with ethanol and thoroughly wiped to removed excess silane. 

The silane binds the gel covalently to the back plate, whereas the 

solution used on the notched plate repels the gel.

After electrophoresis the gels adhering to the silane treated 

plates were fixed in 10% acetic acid/10% methanol for 15 min and then 

washed in water for 15 min. The urea free gels were dried for about 30 

min at 100-120°C, and then autoradiographed for 1-3 days at room temper­ 

ature, without a screen, and the film was not pre-flashed.

Buffer gradient gels

0.5 TBE gel mix :- 6% acrylamide/0.5 x TBE/7 M urea

2.5 TBE gel mix :- 6% aery1 amide/2.5 x TBE/7 M urea/5%

sucrose/0.05% bromophenol blue

7 ml 2.5 TBE mix were mixed with 35 pi 10% ammonium persulphate and 

14 pi TEMED. 35 ml 0.5 TBE mix were mixed with 175 pi 10% ammonium 

persulphated and 70 pi TEMED. 6 ml 0.5 TBE mix were taken up into a 10 

ml pipette, followed by 6 ml 2.5 TBE mix, and a gradient formed by 

introducing 5 air bubbles through the interface. This mix was poured 

between the gel plates and the remaining space filled with the 0.5 TBE 

mix. 0.5 x TBE was used as the running buffer in the top reservoir and 

1 x TBE in the bottom.

2.10.7 Analysis of nucleotide sequence data (Staden, 1982a,b,1984)

Sequence data from the random cloning were analysed suing a Vax 

11/780 computer. Sequences were read from the gels and entered into the 

computer by hand using BATIN. They were screened for M13 and pAT153 

sequences using SCREEN V. Non-vector sequences were overlapped and



aligned using DBAUTO and DBUTIL. Other programmes used in data analysis 

include DBSTART, DAIGON, ANALYSEQ, ANALYSER and HYDROPLOT.

2.11 DNA transfer blot analyses (Southern, 1975; 1979; Wahl et al.,

1979) 

2.11.1 Analysis of DNA fragments between 0.5-15 kb in size

a) Gel electrophoresis, treatment and capillary blotting of DNA to 

nitrocellulose filters.

Samples in 1/5 volume of glycerol dye mix were electrophoresed in 

0.8% agarose gels/1 x TBE (Section 2.6.3) at 50 mA for approximately 16 

hr. The gel was stained with ethidium bromide, photographed and then 

washed with the following solutions:

i) Twice in 0.25 M HC1 for 15 min at room temperature. 

ii) Twice in 0.5 M NaOH/1 M NaCl for 15 min at room temperature. 

iii) Twice in 3 M NaCl/0.5 Tris, pH 7.4 for 15 min at room 

temperature.

The gel was placed on two sponges and a piece of Whatman 3 mm paper 

soaked in 20 x SSC. The surrounds of the gel were covered with cling­ 

film and glass strips placed at the ends of the gel. A piece of nitro­ 

cellulose (Amersham Hybond C) briefly floated on water was placed on top 

of the gel, and this was covered with two sheets of dry Whatman 3 mm 

paper, approximately three inches of paper towels weighted with a glass 

plate and a book. The buffer passed through the gel and nitrocellulose 

carrying the DNA from the agarose to the nitrocellulose.

With clones DNA blots were taken for 30 min to 2 hr. With genomic 

DNA blotting was for 24 hr. The sponges were kept moist with additional 

20 x SSC and the paper towels were replaced several times. The DNA was 

baked onto the nitrocellulose for 2-3 hr at 80°C before hybridisation.



b) Hybridisation of nitrocellulose filters (Bernards & Flavell, 

1980)

Filters were washed in 1 M NaCl/1 mM EDTA/50 mM Tris, pH 8.0/0.1% 

SDS for 1 hr at 42°C. Prehybridisation was carried out at 42°C for at 

least 3 hr in 50% deionised formamide/1 M NaCl/50 mM Tris, pH 7.4/10% 

dextran sulphate/0.2% Ficoll/0.2% BSA/0.2% polyvinylpyrrolidone/0.1% 

sodium pyrophosphate/0.1% SDS, (hybridisation buffer) containing 100 

ug/ml sonicated salmon sperm DNA and 10 ug/ml £. coli/pAT 153 Pvu 11-8 

DNA. This mixture was boiled for 5 min and cooled before use. The

filters were hybridised for 48 hr in the above buffer containing %5 x
5 32 10 dpm/ml of [ Relabelled probe, also boiled before use.

After hybridisation the filters were washed as follows:

3 times in 2 x SSC/0.1% SDS for 10 min at room temperature 

2 times in 0.1 x SSC/0.1% for 30 min at 68°C.

The filters were air dried and autoradiographed (Section 2.9.3).

2.11.2 Analysis of DNA fragments between 0.1-1.5 kb in size

a) Gel electrophoresis, treatment and capillary blotting of DNA

onto nylon membrane

Samples in 1/5 volume of glycerol dye mix were electrophoresed in 

1.5% agarose gel (Pharmacia)/! x TBE (Section 2.6.3) at 50 mA for 

approximately 16 hr. The gel was stained with ethidium bromide, photo­ 

graphed and then washed with the following solutions with gentle agit­ 

ation:

i) Twice with 0.4 M NaOH/0.6 M NaCl at room temperature for 15

min.

ii) Twice with 1.5 M NaCl/0.5 M Tris pH 7.5 at room temperature for 

15 min.
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The gel was placed on two sponges and a piece of Whatman 3 mm paper 

soaked in 20 x SSC. The surrounds of the gel were covered with cling 

film as described. A piece of Gene Screen Plus membrane had been wetted 

with distilled water and soaked in 20 x SSC for 15 min was placed on the 

top of the gel. Uncovered agarose gel was trimmed.

The concave side (when the membrane was dry) of the membrane was in 

contact with the gel. Two sheets of Whatman paper, paper towels and 

small weight on top of the towel were applied as described in the 

previous section (2.11.1). The DNA was capillary transferred onto the 

nylon membrane through 24 hr blotting. After blotting, immobilised DNA 

on the nylon membrane was further denatured completely by immersing 

membrane in 0.4 M NaOH for 60 sec and then neutralized in an excess of 

0.2 M Tris pH 7.5/2 x SSC. The membrane was then dried at room temper­ 

ature without further baking.

b) Hybridisation of Gene Screen Plus membrane

The membrane was prehybridised, hybridised and processed as des­ 

cribed in 2.11.1.5 except that the hybridisation buffer and 2 x SSC were 

enriched with 1% SDS instead of 0.1%, so as to reduce background noise 

after hybridisation.

2.12 Construction of genomic libraries (Maniatis et al., 1982; Frischauf

et al., 1983; Kaiser and Murray, 1985) 

2.12.1 Preparation of the DNA for cloning

Genomic DNA was isolated from white blood cells (Section 2.3.6). 

The DNA was digested in 4 separate reactions (50 pg DNA per reaction) at 

37°C for 1 hr, with M5o I at concentrations of 0.3 U/ug, 0.13 U/pg, 0.07 

U/pg, and 0.02 U/pg. the reactions were terminated with 10 mM EDTA and 

heating to 70°C for 15 min. The DNA was extracted with equal volumes of



phenol; phenol : chloroform : isopropanol (25:24:1); and chloroform : 

isopropanol (24:1). Each time the aqueous layer was transferred to a 

fresh tube and the organic layer re-extracted with 10 mM Tris/1 mM EDTA, 

pH 8.0 to minimise DNA loss. The DNA was then ethanol precipitated, 

washed, dried and resuspended in 100 pi 10 mM Tris/1 mM EDTA, pH 8.0. 

The DNA was fractionated on a 38 ml 10 - 40% sucrose gradient in 

the presence of 1 M NaCl/20 mM Tris, pH 8.0/10 mM EDTA. The gradient 

was centrifuged in the Beckman L5-65 ultracentrifuge using the SW-27 

rotor at 26,000 r.p.m. and 20°C for 20 hr. Fifty 10 drop fractions (0.7 

ml) were collected and 5 pi aliquots analysed on a 0.4% agarose gel. 

Fractions containing DNA in the size ranges 15-20 kb, 20-30 kb and above 

30 kb were pooled, ethanol precipitated twice, washed, dried, resus­ 

pended in 10 mM Tris/1 mM EDTA, pH 8.0 and stored at 4°C. The DNA 

concentration was estimated by spotting 1 pi onto 1% agarose plates in 

10 mM Tris/1 mM EDTA, pH 7.4/1 pg/ml ethidium bromide. A DNA of know 

concentrations were used as standards and the plates were photographed 

over an ultra-violet light transilluminator (Section 2.6.3).

2.12.2 Preparation of the x vector arms

20 pg of CsCl purified x-EMBL-3 DNA were digested with excess Bam 

HI enzyme at 37°C for 2 hr. The reaction was terminated with 15 mM EDTA 

and heated to 70°C for 10 min. The sample was ethanol precipitated, 

washed and the DNA resuspended in 10 mM Tris/0.1 mM EDTA, pH 7.5. The 

DNA was then digested with excess EcoR I enzyme at 37 C C for 10 min. The 

DNA was extracted with equal volumes of phenol: chloroform : isopropanol 

(25:24:1) and chloroform : isopropanol (24:1). DNA in aqueous phase was 

differentially precipitated with 0.15 volumes of 0.3 M NaAC, pH 6.0/0.6 

volumes isopropanol, after incubation on ice for 15 min. DNA pellet was 

washed with 500 pi of 0.35 M NaAc pH 6.0: ethanol (1.25 v/v). Thus

70



small linker fragments generated by BamH I-EcoR I digests was removed. 

A second normal ethanol precipitation was followed and the dried vector 

DNA was resuspended in 10 mM Tris pH 8.0/0.1 mM EDTA at 0.5 pg/pl and 

stored at -20°C.

2.12.3 Packaging extracts and packaging reaction

Packaging extracts, freeze-thaw lysate and sonicated extract 

(isolated from £. coli BHB 2688 and BHB 2690 respectively) were kindly 

provided by K. T. Belt. Efficiency of the packaging extract was tested 

by mixing 0.1 pg of uncut X EMBL-3 DNA, 5 pi of buffer A (20 mM Tris pH 

8.0/5 mM MgCl 2/0.5% (v/v) B-mercaptoethanol/1 mM EDTA), 1 pi buffer Ml 

(6 mM Tris, pH 7.5/15 mM spermidine/30 mM putrecine/18 mM MgCl 2/0.2% 

rATP/30 mM 6-mercaptoethanol), 3.5 pi sonicated extract and 5 pi freeze- 

thaw lysate. After incubating at 25°C for li hr 230 ul phage buffer (6 

mM Tris, pH 7.5/10 mM MgCl 2/100 mM NaCl/0.5 mg/ml gelatin) was added. 

Packaged DNA (i.e. phage) were serially diluted and plated on £. coli Q 

358. Packaging efficiency was about 1 x 10 phage particles per pg of X 

EMBL-3 DNA.

2.12.4 Ligation, packaging and assay of recombinants

0.5-1.5 ug of vector arms were mixed with 0.5-1 pg of size frac­ 

tionated genomic DNA (15-20 kb) size range) in 1 mM rATP/50 mM Tris pH 

7.4/10 mM MgClp/20 mM DTT/50 pg/ml BSA and incubated with 2 U DNA ligase 

at 16°C for 20 hr, in a total volume of 10 pi.

3 pi of ligated DNA extract was packaged as described in 2.12.3. 

The package recombinants were stored at 4°C with an aliquot assayed by 

plating on E coli Q 359. To assay the titer of recombinants 1 pi of 

diluted, packaged phage was mixed with 0.5 ml of overnight culture of £. 

coli Q 359 (A ^ 1.2 units) which was grown in T broth/0.2% maltose,
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and enriched with 10 mM MgClp just before infection of phage. Infection 

of phage was carried out at 37°C for 30 min. 3.0 ml of molten T agar 

was added a0d the mixture plated on T bottom agar plate. Very tiny 

recombinant phages were counted after 24 hr incubation at 37°C.

2.12.5 Plating and screening of A EMBL-3 genomic library

(a) Plating

About 1-2 x 10 recombinants from various ligation tests were 

pooled and split to aliquots with each about 10 phage partides. To 

each aliquot 2 ml of overnight culture Q 359 (prepared as described) was 

added and the bacteria was infected at 37°C for 30 min. The mixture was 

added by 9 ml of T top agarose (held at 48°C), poured onto 14 cm T agar 

plates, and incubated at 37°C overnight.

(b) Screening

After the overnight incubation at 37°C plates were left at 4°C for 

at least one hour to allow the top agarose to harden. Dry nitrocell­ 

ulose filters (millipore) were placed in direct contact with the plaques 

and keyed with ink asymmetrically, marking both filter and solid medium. 

After 60 sec the filter was removed and immersed, DNA side up, in the 

following solutions:

1.5 M NaCl/0.5 M NaOH (denaturing solution) for 60 sec.

1.5 M NaCl/0.5 M Tris, pH 7.5 (neutralising solution) for 5 min,

2 x SSC for 5 min

and then air dried on Whatman 3 mm paper. Two replicas were taken from 

each plate, using the original ink marks on the plate for the subsequent

copy.

The DNA was baked onto the nitrocellulose at 80°C for 2 hr before 

hybridising, washing and autoradiography (Section 2.11.1).

7,2



(c) Re-screening

Agar plugs were taken from the original plates into 0.5 ml phage 

buffer/1% chloroform. E,. coli Q 358 cells in T broth/0.2% maltose were 

grown at 37°C for 20 hr when the A6Q() was vl.8 units. 102-103 phage 

were added to 0.5 ml Q 358 cells in 10 mM MgCl 2 and incubated at 37°C 

for 30 min. The mixture was added to 3 ml T top agarose, mixed, poured 

onto 9 cm T agar plates and incubated at 37°C overnight. The plaques 

were re-screened using the method described above. Filters screened 

with ol igonucleotides were pre-hyridised for 3 hr in hybridisation 

buffer (Section 2.11.2) without formamide and hybridised overnight with
fi 

^ 10 cpm/ml [y Relabelled oligonucleotide, pre-boiled for 5 min

before use. The hybridisation temperature was 2°C below the melting 

temperature of the oligonucleotide. After hybridisation the filters 

were washed as follows:

twice in 6 x SSC for 15 min at room temperature

twice in 6 x SSC/0.1% SDS for 15 min at the hybridisation

temperature. 

The filters were then air dried and autoradiographed.

Single isolated plaques were chosen from the re-screen plates and 

used to prepare stocks of infectious particles, stored at 4°C in phage 

buffer/0.3% chloroform. These were used to give plate lysates from 

which DNA was isolated (Section 2.3.4) for analysis by restriction 

mapping and nucleotide sequencing.



CHAPTER THREE 

Molecular structure of a human complement component C4A gene

3. 1 Introduction

Between 1981 - 83, partial protein sequence around the 

thiolester site of complement C4 was obtained (Campbell et al., 

1981; Harrison et al., 1981; Chakravarti et al., 1983). This 

protein sequence enabled the deduction and synthesis of a C4d 

mixed oligonucleotide probe which was used to isolate cDNA 

clones. The first clone, Alu-7, contained a 301 bp insert 

corresponding to the C4d region, was screened out from a human 

liver cDNA fragment library (Carroll and Porter, 1983). This 

small cDNA was used to isolate full length cDNA clones, which 

were subsequently used to probe genomic cosmid libraries (Belt 

et al., 1984; Carroll et al., 1984a; b).

The complete cDNA sequence of a C4A allele, pAT-A, and an 

almost complete cDNA sequence of a C4B allele, pAT-F, were 

obtained. The derived amino acid sequence from pAT-A suggested 

that the single chain precursor molecule of C4, i.e. pro-C4, 

contains 1722 amino acid residues, although sequence data from 

pAT-F inferred that pAT-A may contain a 3-residue deletion 

near the end of the alpha chain. The size of the beta, alpha 

and gamma chains of secreted C4 is estimated to be 656, 767 

and 291 amino acid residues respectively. The cDNA sequences 

also suggested that C4 contains four potential N-linked 

glycosylation sites; one on the beta chain at residue 207 , 

three on the alpha chain at residues 843, 1309 and 1372, and 

none on the gamma chain.

The availability of genomic cosmid clones has enabled the



genomic sequence of the complement C4 to be determined. This 

is is crucial and fundamental in the following aspects: 

a. Determination of exon-intron structure of the C4 gene.

As described in section 1.3, mammalian genes are 

split into coding sequences (exons) separated by intervening 

sequences (introns) uhich are spliced out in the mature RNA 

transcript (Gilbert, 1977; 198S).There seems to be some 

correlation between the exons and the discrete regions of 

expressed protein molecule. They often code for useful 

portions of protein structure such as functional regions, 

folding elements, domains or subdomains. Moreover, exons 

appear to be independent segments of DNA which can be sorted 

independently (Gilbert, 1983). Therefore, determining the 

exon/intron structure of C4 may give insights to the protein 

structure and function of C4, particularly if the 3- 

dimensional structure of the protein is also elucidated. It 

would also give clues to the evolutionary history of the C4 

gene and its relationship with other related proteins such as 

complement components C3, C5 and the protease inhibitor, £2. 

macroglobul in (<£zM), especially if the organisation of these 

genes is also known.

b. Regulation of C4 gene expression

Genomic sequences at the 5' and 3* flanking regions are 

involved in the regulation of gene expression, especially for 

transcription initiation and termination. Thus determination of 

the C4 flanking gene sequences will facilitate elucidation of 

cis-acting DNA elements such as enhancer(s), promoter and other



motifs which may be involved in the cell-specific, and probably 

inducible expression of C4. 

c. Polymorphism of C4

C4 is one of the most polymorphic complement proteins. C4 

polymorphism can be detected at the genomic level, and knowledge 

of the C4 genomic sequence will facilitate these studies. For 

instance, information about the exact location of polymorphic 

sites, and the presence of nearby restriction enzyme cleavage 

sequences can be obtained. These will be useful for the 

generation of specific DNA probes and for the identification of 

informative restriction fragment length polymorphisms (RFLPs). By 

providing background information, it may also facilitate further 

studies on different rare alleles such as C4A 1 and C4B 5, which 

express essentially the reversed Rodgers (Rg) / Chido (Ch) 

antigenicity (Rittner et al., 1984; Roos et al., 1984); and 

the C4A 6 allele, which has a lower hemolytic reactivity 

compared with other C4A allotypes (Dodds et al., 1985).

A cosmid clone of C4, Cos 3A3, was used for the 

determination of the C4 gene sequence. Cos 3A3 contains a DNA 

insert ~40 kb in the pTCF vector (Carroll et al., 1984a; Grosveld 

et al., 1982), of which ~20 kb encodes complement component 

C4. DNA fragments encoding C4 were subcloned into plasmid 

vector pAT 153/Pvu 11/8. From these plasmid subclones, more 

accurate restriction maps were constructed and appropriate DNA 

fragments were isolated and sequenced. DNA sequence was typed 

into the VAX computer and aligned by the computer programs,
«.. b

BATIN, DBAUTO and DBUTIL (Staden 1982).The exon/intron 

structure of C4 was deduced by comparing the genomic DNA 

sequence with the published cDNA sequence (Belt et al., 1984).



As explained in chapter 4 and by Belt et al.,(1985), the C4 

gene in Cos 3A3 is probably a C4A 3 allele (sub-type a).

3.2 Subcloning, restriction mapping and DNA sequencing

Restriction sites for Sal I, Hind III and Cla I of Cos 3A3 

had been mapped by Mike Carroll (Carroll et al., 1984a; Fig. 

3.1). Southern blot analysis using full length cDNA probe, pAT- 

A, suggested that the coding region of the C4 gene lies within 

the (I) 8.0 kb Hind III-Cla I, (II) 6.7 kb Cla I-Hind III and the 

(III) 9.9 kb Hind Ill-Sal I restriction fragments. Within the 

8.0 kb and the 6.7 kb fragments there is a big intron of about 

6-7 kb. These three restriction fragments were blunt-end 

ligated into the pAT-153 vector and the corresponding 

subclones designated pCHSl-1, pCHS2-l and pCHS2-10 

respectively. More detailed restriction enzyme maps were 

constructed for each subclone as shown in Fig.s 3.2, 3.3 and 

3.4. In order to generate smaller DNA fragments to facilitate 

mapping and DNA sequencing, the following smaller subclones 

were constructed:

Subclone Size (kb) Digest Parent plasmid

or cosmid

1. pBH4 4.1 Hind III - Bgl II Cos 3A3

2. pRP-1 1.3 Bgl II - Bgl II pCHS2-l

3. pAB~3 2.1 Ace I - Bst EII pCHSl-1

4. pAB-B7 3.4 Bst EII - Sal I pCHSl-1

Southern blot analysis of the subcloned DNA established that 

the boundaries of the 6-7 kb intron are within the 1.3 kb Bgl II 

fragment of pCHS2-l and the 450 bp Stu I fragment of pCHS2-10 

(Figs. 3.2 and 3.3). Based on the restriction mapping of the



Legend to Fig. 3. 1

Published restriction map of Cos 3A3 (Carroll et al., 1984a) 

Cos 3A3 contains a ~40 kb insert cloned in the Bam HI site 

of the pTCF vector (Grosveld et al., 1982). Southern blot 

analysis using full length cDNA probe of C4 suggested that 

the C4 gene is located within the 8.O kb Hind III - Cla I, 6.7 kb 

Cla I - Hind III and the 9.9 kb Hind III - Sal I restriction 

fragments. These fragments were subcloned into pAT153 /Pvu 11/8 

vector by blunt-end ligation (see Material and Methods). The 

corresponding subclones were designated as pCHS2-l, pCHS2-10, 

pCHSl-1, respectively. An additional subclone of the 4.0 kb Hind 

III - Bgl II fragment at the 5' region had been constructed and 

designated as pBH4. Restriction sites of the pTCF vector are 

enclosed by brackets. Abbreviations: Bg^, Bgl II; C, Cla I; H, 

Hind III; S, Sal I.
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Legend to Fig. 3.2

Restriction map of pCHS2-l

Plasmid DNA was used for various single and double restriction 

digests. The location and size of restriction fragments were 

deduced from Southern blot analysis, using a 5' specific cDNA 

probe (PA ), which is a 476 bp BamH I - Kpn I restriction fragment 

of pAT-A, and a full length cDNA probe from pAT-A. Host of the 

restriction sites were confirmed by DNA sequencing. pRP-1 is a 

subclone containing the 1.3 kb Bgl II restriction fragment as 

shown. The region where DNA sequence was determined is indicated 

by a solid line. Partially elucidated DNA sequence is 

represented by a dotted line. Abbreviations: B, BamH I; Bg, Bgl 

II; C, Cla I; K, Kpn I; Sm, Sma I.
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Legend to Fig. 3.3

Restriction map of pCHS2~10

Restriction map was deduced and confirmed as described in Fig, 

3.2. Abbreviations: B, BamH I; Bg, Bgl II; H, Hind III; El, 

EcoR I; St, Stu I.
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Legend to Fig 3.4

Restriction map of pCHS 1-1

Restriction map was deduced and confirmed as described in

Fig 3.2. Two smaller subclones, pAB-3 (containing a 2.1 kb Ace

I - BstE II fragment) and pAB-B7 (containing a 3.4 kb BstE II -

Sal I fragment) were constructed. Abbreviations: Ac, Ace I; B,

BamH I; Bs, BstE II; H, Hind III, K, Kpn I; Rl, EcoR I; S, Sal I

(vector); X, Xho I.
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Legend to Fig. 3.5

Restriction map of a C4A gene (from Cos 3A3) 

Restriction sites were mapped using plasmid-subcloned DNA. 

Arrows represent the regions that have been fully sequenced. 

Dotted lines represent areas where partial DNA sequences were 

obtained. The 6-7 kb intron is indicated. Abbreviations: B, BamH 

I; Bg, Bgl II; C, Cla I; H, Hind III; K, Kpn I; Rl, EcoR I; S, 

Sal I (vector); X, Xho I.
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subcloned DNA, a more complete restriction map of the C4A 

gene was constructed and shown in Fig. 3.5.

To prepare DNA for M13 sequencing, restriction fragments 

listed in Table 3.1 uere prepared. They were sonicated to 

generate randomly sized fragments, end-filled to form blunt-end 

pieces, size fractionated through a 1.5% agarose gel and then 

ligated to Sma I-cut and phosphatased M13 mp9 or mp8 vectors (see 

section 2-10).

After DNA sequencing, gel-readings were overlapped and 

aligned by the computer programmes BATIN, DBAUTO and DBUTIL. The 

result was the formation of one or more contigs in different 

databases. Gaps between the contigs in each database were linked 

by subcloning and sequencing specific DNA fragments.

Altogether 6 DNA contigs were obtained (as shown by the
TaUeM 

arrows in Fig. 3.5) . Besides the gap for the 6-7 kb intron,
i\

these contigs were tentatively joined because they represent the 

ends of the mapped, uncommon restriction sites and they are 

located within introns. To ensure that there are no small DNA 

fragments missed due to the presence of identical restriction 

site(s) in tandem and very close to each other, further subclones 

and DNA sequence analysis of fragments overlapping the ends 

between the contigs will be necessary. The complete DNA sequence 

determined and the protein sequence encoded by each exon is 

presented in Appendix I.

3.3 Results and Discussion

3.3.1 The 5* regulatory region

The 5* flanking sequence containing the putative C4 promoter 

is shown in Fig. 3.6. It also includes the first exon that

rs



Table 3.1 DNA fragments generated by restriction digests of

various plasmids used to construct the sequence 

databases

Contig Restriction

No. frgaraent

Fragment

size (kb)

plasmid

name

nucleotide No

1
2

3

4

5

6

Smal

Bglll -

Asp718 -

Hindlll -

Ace I -

PvuII -

Bglll

Bglll

Hindlll

Ace I

PvuII

(Sail)

2.9

1.3

3.6

4.2

1.2

4.4

pBH4

PCHS2-1

pCHS2-10

pCHSl-1

pCHSl-1

pCHSl-1

A* -600 to 1736

A* 1737 to 2581

1 to 3218

B 3219 to 7490

B 7491 to 8679

B 8680 to 13048

Plasmid subclones of Cos 3A3 described in Figure 3.1 were 

digested with the restriction enzymes shown. The DNA fragments 

were isolated, subcloned into M13 vector by the random method 

as described in section 2.10.2a and used to generate the 

nucleotide sequences in the contigs. The nucleotide number^ 

accords to A and B, representing two different databases, shown 

in Appendix I. Part of the sequence is not included when 

indicated by *. (Sal) represents the enzyme site present in the

cosmid vector.



Legend to Fig. 3.6

The 5 1 flanking region of the C4A gene from Cos 3A3 

Transcriptional start sites are marked by asterisks and the 

major start site (CAP site) is assigned as nucleotide +1. 

Three TATA sequences which are located within 9-12 bp 

repeats are underlined. These sequences are located outside 

the promoter (i.e. nucleotides -147 to +43; L.C. Wu, unpublished) 

and their functions are unknown. The enhancer core consensus 

sequence is overlined. Within the 5' untranslated region are 

four tetranucleotide repeats, CAGA (double underlined). Amino 

acid sequence is shown above the DNA sequence. The first exon 

codes for the 51 bp 5' untranslated sequence, the 19-residue 

leader peptide with a central hydrophobic core, and the first 

three residues of the j3 chain (arrowed). The transcriptional 

start sites are marked by *.



GCCTGTGATATTTTCTGGATGTCCTTTATTTACTGTGACGTGTGTTTGGGTGCCTTGTTT -561

ATGGGGTAGAGGTGAAGTCTGAGCTTTGCCTCATTCAGAGAGGAAAGGGGTCAGGGGTTC -501

ACTCTGACGTTCAGGCCATTCTCCCTCGTGGAGTGGTGAGGGTGTACCTAATCTCCTAAA -441

CCACGGAATTTCTGTTAGGGCCTAAAAAAGCAAAAGCCTAGTATAGTTCAATTTGTGTTG -381

GAATGAAAGTAAGAGACAAGTGTCTTAGAAGCCTGTCATTGTTTTGTGAGGGCCTTTAAA -321

TATCCTGTACTCGTGGGCCATGTTGGGCCCTTGTACGCCCAGGTATACATGAGCTTGTGT -261 

..'ACCI

GCACCTATACCCTGATACAGATATACCTGGTAGGGGGAGGTGCTCAGGCACTGGAATGAG -201

Ncol
•

AGGAGTTAACGGGGAAGGACAGGGTTATTTCTGGGCCAAGATTCAGAGTTTCCCATGGAC -141

BanI Mstll
• •

ACCCAGGTGTCCGGGGTGCCCCCACAACTCTGGGCCTGAGGCCAGTTGCACTTCTTGGCT -81 

Enhancer core Ddel HincII

GTCACGTGGTTTCCCAGCTTAGCTGGGCTGGGGGAGGAGCAAGGTCCAGAGTCAACTCTG -21

StuI +1
* * *•

CCCCGAGGCCTAGCTTGGCCAGAAGGTAGCAGACAGACAGACGGATCTAACCTCTCTTGG 40

BamHI -19
MRLLWGLIWASSFFTL 

ATCCTCCAGCCATGAGGCTGCTCTGGGGGCTGATCTGGGCATCCAGCTTCTTCACCTTAT 100

1
S L Q K P R 
CTCTGCAGAAGCCCAGGTCCTGGAGGCGGGATGCTGGGTGCTTGGATTGGGGCAGGGCTG 160



encodes the leader peptide and the amino-terminus of the 

mature C4 protein. This regulatory sequence was characterised 

in collaboration with L.C. Wu and K.T. Belt. Nuclease SI 

mapping and primer extension experiments suggested that there 

are multiple transcription start sites of C4 messages (which 

are marked by asterisks in Fig. 3.6). The major start point 

(i.e. CAP site) was assigned as nucleotide +1. This CAP site 

is 51 nucleotides 5' to the translation initiation codon. 

Secondary transcription start sites were found at nucleotides 

+2 and +19. The putative AT-rich sequence (i.e. TATA box) and 

CAAT box at position -30 and -70 respectively, which are 

present in many eukaryotic genes (Breathnach and Chambon, 

1981; Dierk et al., 1983), have not been found in complement 

C4. However, between nucleotides -278 to -230 there are three 

9-12 nucleotide repeat regions each of which contains a TATA. 

The role of these sequences are not known. About 75 

nucleotides 5* to the CAP site is a consensus enhancer core 

(Weiher et al., 1983), which suggests a transcription enhancer 

may be present.

Through the construction of a series of hybrid genes that 

contain various C4 5* DNA linked to the bacterial chloramphenicol 

acetyl transferase gene (CAT) for a sensitive transient 

expression assay (German et al., 1982), L.C. Wu has shown that 

the C4 gene contains a relatively strong and compact non-TATA 

boxed promoter within nucleotides -147 to +43. This promoter 

region also confers the liver-specific expression of C4 as 

high transcription activity was observed in a hepatoma cell 

line but not in an epithelial cell lines after DNA 

transfection. An enhancer between nucleotides -261 to -13 was



defined, which increased the transcriptional activity of a 

heterologous SV40 promoter in an orientation and distance 

independent manner in the CAT assay system^

Within the 5* untranslated region there are three (or 

probably four) tetranucleotide tandem repeats, CAGA. Whether 

these sequences play a role in post-transcriptional regulation 

has yet to be determined. 

3.3.2 Exon/intron structure of the C4A gene

The C4A gene of Cos 3A3 spans ~22 kb. The coding sequence of 

the gene is split by 41 introns into 42 exons (Fig. 3.7). 

Three of the introns are exceptionally large in size, ie. intron 

10 (between exon 10 and exon 11; ~7 kb), intron 33 (1049 bp) and 

intron 36 (1494 bp). The size of all other introns are more or 

less comparable to their neighbouring exons. The size of the 

coding exons varies between 19 bp (exon 6, encodes 6 amino acids) 

to 232 bp (exon 30, encodes 78 amino acids). The first exon 

includes 51 bp 5' untranslated sequence, while the last exon 

include 140 bp 3* untranslated sequence. These 42 exons 

altogether encode the 1745 amino acid residues of the pre-pro-C4 

molecule. The size of exons and introns and the number of amino 

acid residues encoded by each exon is listed in Table 3.2. The 

exon phase (refers to section 1.3) and the relevant protein 

function/structure encoded by each exon are shown in Table 3.3. 

3.3.2.1 Structure of the fi chain

The first 19 amino acid residues of the precursor molecule form 

a characteristic leader peptide for a secretory protein. This 

leader peptide contains a central hydrophobic section with 

charged amino acids at both ends. Exon 1 also encodes the first 

three amino acid residues of the beta chain. The beta chain is



Table 3.1 Exon-intron size of a human C4A gene

Exon No. Amino Acid (aa) encoded Size (n.t.)*
	Pro-C4 No of aa residues Exon Intron

1 -19 to 3 21 51(5'n.c.)*+65 132
2 4-69 66 199 217
3 70 - 136 67 202 209
4 137 - 160 24 71 78
5 161 - 190 30 88 220
6 191 - 196 6 19 181
7 196a - 217 (+1) 22 67 170
8 218 - 250 33 97 138
9 251 - 285 35 106 97

10 286 - 329 44 132 *\7 kb

11 330 - 369 39 116 98
12 370 - 428 60 181 145
13 429 - 489 61 182 132
14 490 - 551 62 186 154
15 552 - 604 53 159 252
16 605 - 646 42 127 168
17 647 - 672 25 75 260
18 673 - 737 66 198 90
19 738 - 775 38 113 89
20 776 - 798 23 71 261
21 799 - 845 47 140 113
22 846 - 915 70 210 245
23 916 - 932 17 51 101
24 933 - 962 30 90 135
25 963 - 1032 70 210 179
26 1033 - 1058 26 76 160
27 1059 - 1110 52 157 95
28 1111 - 1149 39 114 107
29 1150 - 1206 57 173 225
30 1207 - 1284 78 232 82

31 1285 - 1340 56 168 395
32 1341 - 1360 20 60 1049
33 1361 - 1292 31 94 97
34 1393 - 1451(+3) 63 186 115
35 1452 - 1481 30 91 90
36 1482 - 1506 25 75 1494
37 1507 - 1540 34 103 164
38 1541 - 1570 30 90 86
39 1571 - 1603 33 99 183
40 1604 - 1631 28 85 263

41 1632 - 1676 45 133 144
42 1677 - 1722 46 143+140 3'n.c. -

Total No. of aa residues encoded = 1745 

* n.c. - non-coding 

+ n.t. - nucleotide(s)



Table 3.3 Exon phase and relevant protein structure/function
	of the human C4 gene

Exon No. Exon phase* Residue(s) Remarks
	of the s.j.

1 -2 R 5* nc; leader peptide;
	N-terminus of the 0-chain

2 2-0 Q, V
3 0-1 R
4 1-0 E
5 0-2 E
6 2-0 1,1 smallest exon (6 aa)
7 0-1 Y glycosylation site
8 1-1 R
9 1-0 K, L
10 0-1 G
11 1-0 Q, A
12 0-0 S, V
13 0-0 M, I
14 0-0 K, L
15 0-0 K, V
16 0-1 K
17 1-1 K j5-<* junction ; C4a
18 1-1 R Cls cleavage site ; C4a
19 1-2 I
20 2-2 K
21 2-0 T, V glycosylation site
22 0-0 E, K
23 0-1 L
24 1-1 T 2nd factor I cleavage site
25 1-1 K thiolester site
26 1-2 U
27 2-0 Q, G isotypic site
28 0-0 V, E
29 0-1 G
30 1-0 Q, D biggest coding exon (78 aa)
31 0-0 Q, F glycosylation site; 1st factor

	I cleavage site
32 0-0 K, V
33 0-1 T glycosylation site
34 1-2 W sulphation site; postsecretory

	proteolytic site; <*-Jf junction
35 2-0 K, L
36 0-0 S, V
37 0-1 P
38 1-1 E
39 1-1 Y
40 1-1 F
41 1-2 H
42 2 - - C-terminus of / chain; 3* nc

* see Section 1.3 and Patty (1987) for definition

s.j. splice junction; if the s.j. interupts a codon, the
corresponding amino acid encoded by this codon is shown; if 
the s.j. occurs between two codons, the residues encoded by 
these two codons are shown.

nc non-coding sequence



Legend to Fig. 3.7

Exon-intron structure of the C4A gene from Cos 3A3 

The C4A gene contains 42 exons (open boxes) which code for 

the 1745 residues precursor C4. The intracellular 

proteolytic cleavage sites for the 6-oc and the <*-/ 

junctions are encoded by exons 17 and 34, respectively. The 

four glycoslyation sites are encoded by exons7, 21, 31 and 

34. The covalent binding site (i.e. the thiolester bond) is 

encoded by exon 25, and the isotypic residues which may 

modulate the thiolester reactivity is encoded by exon 27 (see 

chapter 4 for further description). The three sulphation 

sites and the post-secretory metalloprotease cleavage site are 

both encoded by exon 34.r* , transcriptional start site and 

direction of transcription; CHO, glycoslyation site; n » 

thiolester site; m , isotypic residues; L, leader peptide; 

ATTAAA, polyadenylation signal. The polymorphic sites in the 

coding sequence are represented by vertical strokes underneath 

the exons.
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encoded by exon 1 to exon 17. Genomic sequence suggested that 

the size of the beta chain is 657 amino acid residues. Compared 

with the cDNA sequence, an additional He residue uas found after 

position 196 and was therefore assigned as number 196a. The 

missed residue in the cDNA could either due to a polymorphism in 

size or due to a cloning artefact.

Compared with cDNA and partial protein sequence data, three 

polymorphic sites were detected (Fig. 3.8). They are Tyr/Ser 328 

(exon 10), Val/Ala 399 (exon 12) and Cys/Ser 616 (exon 16). The 

Tyr/Ser 328 polymorphism is detected by this work. The cDNA 

sequences from pAT-A and pAT-F both give Ser 328. Val 399 is 

present both in Cos 3A3 and pAT-F, while Ala 399 is present in 

pAT-A. Ser 616 was only detected by protein sequencing (Law and 

Gagnon, 1985) and has not been found by nucleotide sequencing so 

far.

The single N-linked glycosylation site on the beta chain, 

which is of high mannose type (Chan and Atkinson, 1985), is 

encoded by exon 7 (Fig. 3.9a). The 5 half-cystine residues are 

encoded by exon 2, 3, 14, 16 and 17 respectively. One of these 

residues forms the beta-alpha interchain disulphide linkage and 

the others to form intra-chain bridges (Janatova, 1986; Seya et 

al., 1986).

The most striking features of the exon/intron structure of 

the beta chain are the presence of a big intron 6-7 kb in size, 

and a very small exon with only 19 nucleotides. This 6-7 kb 

intron has been found in almost all C4 genes located in the first 

C4 gene locus (generally encodes C4A) as well as in some of 

the C4 genes located in the second locus (generally encodes 

C4B) (see chapters 4 and 6). It is of considerable interest



Table 3.4 Comparioson of the polymorphic amino acid residues 
among the sequences of three cloned C4 genes or 
cDNAs and the published C4 protein sequences

prot. chain Exon No. Position C4A3a
Allotypes l 
C4A4 C4B2 Prot. seg

& 7*
10
12
16

196a
328
399
616

I
Y
V
C

del
S
A
C

del
S
V
C S-

oC

26
27
27
27
27
27
29
29
29
29
30
30
34*
34*
34*

35

707
708
1054
1090
1101
1102
1105
1106
1157
1182
1188
1191
1267
1281
1399a
1399b
1399c

1478

L 
D 
D 
S 
P 
C 
L 
D 
N 
T 
V 
L 
A 
R 
D 
Y 
E

P
D
D
S
P
C
L
D
N
S
V
L
S
R

del 
del 
del

D

P 
D 
D 
S 
L 
S 
I 
H 
S 
T 
A 
R 
A 
R 
D 
Y 
E

G°tt

1 as explained in chapter 4, the sequences of C4A3a, C4A4 and 
C4B2 are from Cos 3A3, PAT-A and PAT-F, respectively.

2 only those polymorphic residues not detected by nucleotide 
sequencing are shown.

* denotes a probable size polymorphism in the protein

* Gly 1054 has been detected in other allotypes (eg 
by DMA sequencing; see chapter 4.

del, deleted

* Law and Gagnon, 1985

b Moon et al., 1981

0 Chakravarti et al., 1983

C4B3 & C4A1)

Chakravarti et al., 1987



Legend to Fig. 3.8

Location of the known polymorphic sites in human C4A/C4B 

Three polymorphic residues were detected in the £ chain, 

fourteen in the <<. chain and only one in the # chain. There are 

potential size variations by one residue in the^chain, and by a 

tripeptide that contains a sulphation site in the oc chain. 

Polymorphic sites in the oC chain are clustered in the C4a (2) 

and the C4d (12) domains. Polymorphic residues detected by amino 

acid seqencing alone (not detected by DNA sequencing) are marked 

by a dot underneath.^ deletion;f.thiolester site ;| post-secretory 

metalloprotease cleavage site. (The exact location of the 

polymorphic residues are listed on Table 3.4),



Fig. 3.9 Exons coding for glycoslyation sites

The high mannose-type glycosylation site of the chain is 

encoded by exon 7 (a). The three biantennary complex type 

glycosylation sites of the oC chain are encoded by exon 21 (b), 

exon 31 (c) and exon 34 (d), respectively. The consensus amino 

acid sequence for the N-linked glycosylation sites are boxed. The 

glycosylation site in exon 21 matches the exon-intron splice 

junction, and that in exon 33 is located just in front of the Cys 

1375 which is involved in the formation of a oC-^ interchain 

disulphide linkage. The Breathnatch and Chambon rule of intron 

splicing sequence (i.e. GT-AG) are underlined. The first residue 

encoded by exon 7 (marked by *) has not been detected by cDNA 

sequencing. Nucleotide numberings (A): the nucleotide of the CAP 

site as Al, which applies ot the DNA sequence 5 1 to the 6-7 kb 

intron; (B) the first nucleotide of the restriction enzyme Stu I 

recognition site just 3' to the 6-7 kb intron as Bl. The same 

convention applies to Figures 3.11, 3.12, 3.13 and 3,15.



* 197
ISA A 

GCATTGCTTCATCAGGATAAATCATATTGTGTCCTTTAGTCAGAAACGCAAGATCTCAGC 1741

(EXON 7) _______ 217 
RFSDGLES fN S S( TQFEVKKY 

3. CCGATTCTCACATGGCCTGGAATCCAACAGCAGCACCCACTTTGACGTGAAGAAATATGG 1801

TGAGAGCTGGAAACTGGAGGGACAGGCAGCTGCTTTCCTCAAGGAAATAACGGTGGAAGG 1861

799 (EXON 21)
GLCVATP B 

CTGATCTCTGCCCCTGTGCCCACGCTTCCTTTCCCTCA_GGCCTATGTGTGGCCACCCCAC 3300

VQLRVFREFHLHLRLPMSVR 
TCCAGCTCCGGGTGTTCCGCGAGTTCCACCTGCACCTCCCCCTGCCCATGTCTGTCCGCC 3360

845
K1- t;QLELRPVL*NYLDK i N L T[ 
GCTTTGAGCAGCTGGAGCTGCGGCCTGTCCTCTATAACTACCTGGATAAAAACCTGACTG 3420

1285
D B 

GGGGTGGGTAGTCCTCAGACCAAGGGCTTGCTTGAGTCCTGGCTCAACCTCCCTAGGACA 6180

(EXON 31)
TVIALDALSAYWIASHTTEE 

C . CGGTGATTGCCCTGGATGCCCTGTCTGCCTACTGGATTGCCTCCCACACCACTGAGGAGA 6240

R G L |N V Tl LSSTGRNGFKSHAL 
GGGGTCTCAATGTGACTCTCAGCTCCACAGGCCGGAATGGGTTCAAGTCCCACGCGCTGC 6300

1340
QLNNRQIRGLEEELQ 
AGCTGAACAACCGCCAGATTCGCGGCCTGGAGGAGGAGCTGCAGGTGAACCACTCCCTGG 6360

1361 (EXON 33)
V L R T B 

TGTGGCCTCACATGTCCCACGTCCTCTCCCTGCCCCTTGCTGAGCCAGGTCCTTCGTACC 7860

•
y N V L D M K fN T T| CQDLQIEVTV 

<j. TACAATGTCCTGGACATGAACAACACGACCTGCCAGGACCTACAGATAGAAGTCACAGTC 7920

1392
K G H V E Y T

AAAGGCCACCTCGAGTACACGAGTGAGTGTGGGGCTTGCGAGCCCTTGGGGCCACGCAGG 7980



Fig. 3,10 The long terminal repeating sequences flanking

the 6-7 kb intron

a). Comparison of the DNA sequences at the 5* (5-IN,seq) and 

the 3* (3-IN.seq) ends of the 6-7 kb intron. Dissimilar 

nucleotide is denoted by -.

b). Diagonal plot of the sequence shown in a (window size = 

13).

c). Location of the direct (denoted by —» ) LTKs with respect 

to the 6-7 kb intron (open bar).
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to determine the DMA sequence of the C4 gene at locus II (or C4B) 

without this big intron at the corresponding region. Partial DNA 

sequence revealed long terminal repeats at the 5* and 3' 

boundaries of this big intron (Fig. 3.10). It is therefore 

tempting to speculate that this 6-7 kb intron could be a 

retrovirus-1ike or a transposable element. This special intron 

could be involved in mediating the high degree of polymorphism of 

the C4A / C4B and their neighbouring 21-hydroxylase genes (Yu et 

al., 1986; Rodrigues et al., 1987).

No known function of the beta chain has been reported. The 

high mannose glycosylation pattern at position 207 suggests that 

at least part of the beta chain is buried into the core of the 

mature C4 protein, rendering further modification of the 

carbohydrate in the Golgi apparatus impossible (Chan and 

Atkinson, 1985). Monoclonal antibodies against the C4 beta chain 

behave like the C3 convertase nephritic factor (Gorski and 

Muller-Eberhard, 1980; Ichihara et al., 1986). This would infer 

that the beta chain might be involved in the functioning of the 

complex enzyme ( i.e. C4b2a).

3.3.2.2 Structure of the alpha-chain

The beta-alpha and alpha-gamma proteolytic cleavage sites 

are encoded by exons 17 and 34 respectively. Most of the known 

properties / functions of C4 have been ascribed to the alpha 

chain. The corresponding exons encoding these functions are 

as follows:

a. the Cls cleavage site (encoded by exon 18) to generate a 

biologically active peptide, C4a, which is a weak



Legend to Fig.3.11

Exons coding for the ft-oC junction and the C4a anaphylatoxin

The proteolytic cleavage site for the (?-°C junction 

(boxed) is encoded by exon 17. The first 11 residues of C4a 

are encoded by exon 17 and the remaining 66 residues are 

encoded by exon 18. The six Cys residues which may form the 

three intra-chain disulphide knots are circled. The 

carboxyl terminus of C4a, i.e. the Cls cleavage site, 

occurs at the exon-intron splice junction. Both exons 17 and 18 

are phase 1-1 symmetrical exons.



647 (BXOM 17) _
f BRLSCPKEKTTQT

GGACTCCAGCCTTTCTCTCTACC.A£GACTAAGCTCTCCCAAGCAGAAGACAACCCGGAAA 2160

oC
672

NFQKAINEK 
AACAGAAACGTCAACTTCCAAAACGCGATTAATCAGAAATGJCACTTGCGCGTGCCTAGG 2220

CAGTAGCTTGGGCTCTCCACCTGCGATCCGCGTTGGGGGTCTGCCTCTCTGCCCCTCGGC 2280

TCCTTGCTGAACCCACGTGTCGTATTTGGGCCCAGAGATCCGAATTCCGGGATTACGAGT 2340

CGAACGTGGGCAGCTCTCTCCACCAGCCTCTCTTATCTTGCTGGTCTCAAGGGGTCGGGC 2400

CCGGGCCTGAGGTCTATGTCCTTTTTGTCCTCTCATCCTCACCCCCACCTGGCCCTGCAG 2460

673 (BXON 18)
LGQYASPTAKR(£)©QDGVTRL 
TGCGTCAGTATGCTTCCCCCACAGCCAAGCCCTCCTCCCAGGATGGGGTGACACCTCTGC 2520

PMMRS©EQRAARVQQLD©RE 
CCATGATGCGTTCCTGCGACCAGCGGCCAGCCCGCCTGCACCACCTCCACTGCCGGGACC 2580

PFLS©(C)QFABSLRKKSRDKC 
CCTTCCTCTCCTGCTCCCAATTTGCTGAGAGTCTGCGCAAGAACACCAGGGACAACGCCC 2640

CIS + 
737

Q A G L Q R 
AGGCGGGCCTCCAACGAGCJAGCCGCTGGGTGGGGCTAGGGCACACCTGGCGGCCCTTGG 2700



anaphylatoxin (reviewed by Hugli, 1986). This cleavage also

activates C4 and enables the non-covalent interaction between

C4b and C2. 

b. two factor I (with C4bp or CR1 as cofactor) cleavage sites

(encoded by exons 24 and 31) to generate the C4c and C4d

moiety from C4b. This cleavage inactivates C4b and therefore

the C3 convertase of the classical pathway, 

c. the thiolester site (encoded by exon 25) in the nascent C4b

becomes labile and readily reacts with nearby molecules to

form covalent, ester or amide bonds from its reactive

carbonyl group, 

d. the C4A / C4B isotypic site (encoded by exon 27) that may

modulate the thiolester reactivity (chapter 4). 

e. the Rodgers and the Chido antigenic determinants

(encoded by exons 26, 27 and 29, please refer to chapters 4

and 5). 

f. three biantennary complex type, N-linked glycosylation

sites (encoded by exons 21, 31 and 33; Fig. 3.9 b,c,d). 

g. three sulphation sites (encoded by exon 34). 

h. a putative metalloprotease cleavage site that may generate

a very hydrophilic peptide of 22-26 amino acid residues from

the carboxyl terminus of the alpha chain (exon 34). 

i. non-covalent binding sites for C2 (C2a and C2b), CK1, DAF and

MCP (location unknown).

Structural and functional correlation of C4a

The weak anaphylatoxin, C4a, is encoded by exon 17 (11 amino 

acids) and exon 18 (66 amino acids). The Cls cleavage site on 

native C4 is positioned just 5 1 to the splice junction of intron

83



18 (Fig. 3.11). The carboxyl end of this anaphylatoxin contains 

the active (binding) site of C4a. C4a shares ~30% sequence 

homology with C3a and C5a and all 6 half-cystine residues are 

conserved at the same location. Thus these molecules may share 

similar 3-dimensional structure (reviewed by Hugli, 1984; 1986), 

and the X-ray crystallographic data from C3a may be a useful 

model for the 3-dimensional structure of C4a. This would suggest 

the 3 intra-chain disulphide linkages, i.e. Cys 683 - Cys 709, 

Cys 684 - Cys 716 and Cys 697 - Cys 717 are formed in native C4a 

to give a rigid internal core framework, on which the alpha- 

helical, N terminal and C-terminal regions fold to form a drum­ 

stick-like tertiary structure (Huber et al., 1980).

One unexpected result is that two polymorphic sites of human 

C4a have been found. Genomic sequence defined Leu - Asp 707 -708 

(this work); cDNA sequences defined Pro - Asp (Belt et al., 

1984; 1985), and protein sequencing defined Pro - Asn (Moon et 

al.,1981) at the corresponding positions. The Leu - Pro 707 

polymorphism is due to C to T transition and can be detected by 

the restriction enzyme Pvu II. It remains to be determined for 

whether the polymorphism of C4a has any biological significance.

The factor I cleavage sites (Figs. 3.12 and 1.5)

The metastable C4b is inactivated by two factor I 

mediated proteolytic cleavages on the alpha chain, with C4bp, 

or CR1 (or MCP, for the first cleavage only) as a cofactor. 

The first cleavage site is encoded by the phase 0-0, 

symmetrical exon 31 (Fig. 3.12). This proteolytic cleavage is 

sufficient to inactivate C4b to iC4b (Nagassawa et al., 

19$°). The second cleavage site is encoded by the phase 1-1,



Legend to Fig. 3.12

The exon encoding the factor I-mediated proteolytic cleavage

sites

The first and second factor I-mediated cleavage sites on C4 

are encoded by exon 31 (symmetrical ; phase 0-0) and exon 24 

(symmetrical; phase 1-1), respectively. These two 

proteolytic cleavages inactivate and split C4b into C4d and 

C4c.



B

CTACAGCTGCTCGGGGATGTGGACACCAGCACAGGCTGCCAACTTCCCCCATTTCCCCAG 4140

2nd I C4d
933 (EXON 24)
DHRCRTLBJPCNSDPNMIPD 
ACCACCGAGCCCGGACCTTGGAAATACCTGGCAACTCTGATCCCAATATGATCCCTGATG 4200

962
CDFNSYVRVT 
GGGACTTTAACAGCTACGTCAGGGTTACAGGTGCGAGTGCCCTTTAGTCCCTTCCCACTG 4260

1285 R
D B

CGGGTGCGTAGTCCTCAGACCAAGGCCTTGCTTGAGTCCTCGCTCAACCTCCCTAGGACA 6180

(EXON 31)
TVIALDALSAYWIASHTTEE 
CGGTGATTGCCCTGGATGCCCTGTCTCCCTACTGGATTGCCTCCCACACCACTGAGGAGA 6240

C4d ___ 1st I
RGLNVTLSSTGRNGFKSHAL 
GGGGTCTCAATCTGACTCTCAGCTCCACAGGCCGGAATGCGTTCAAGTCCCACGCGCTGC 6300

1340
QLNNRQIRGLEBBLQ 
AGCTGAACAACCGCCAGATTCGCGGCCTGGAGGAGGAGCTGCAGGTGAACCACTCCCTGG 6360



symmetrical exon 24 (Fig. 3.12). The second cleavage splits 

iC4b to C4d and C4c. The 45 000 mol.ut. C4d may bind 

covalently to nearby surfaces. The C4d fragments constitute 

to the formation of the Rodgers (Rg) and the Chido (Ch) 

antigens in the plasma or on the erythrocytes).

The covalent binding site (Fig. 3.13)

The covalent binding, thiolester site in C4 is encoded by 

the second largest exon of the gene, i.e. exon 25 (70 amino 

acids). The protein sequence is ~32 -35% homologous to the 

analogous regions of human C3 and alpha-2 macroglobulin. The 

thiolester site on C4 corresponds to the middle region of exon 25 

(Fig. 3.13) and is surrounded by a hydrophobic pocket. It 

will be of considerable interest to determine whether those of 

C3 and alpha-2 macroglobulin are coded by a similar exon, and 

also to determine the sequence and exon structure of the other 

evolutionary related complement component C5, which does not , 

however, possess a thiolester bond. Knowledge to this end may 

give insights on the origin of this unique, covalent binding 

region. The covalent binding reactivity of the thiolester 

carbonyl exhibits differential binding affinities to amino and 

to hydroxyl groups of the nearby ^substrate' molecules. This 

differential binding affinity seems to be modulated by the C4A 

/ C4B isotypic region that is ~107 residues C-terminal to the 

thiolester site. Molecular cloning and sequence determination 

of relevant, C4 rare variants have enabled the elucidation of 

the isotypic residues, i.e. PCPVLD 1101-6 for C4A and LSPVIH 

for C4B at the same position. These isotypic residues are 

encoded by exon 27 (refer to chapters 4 and 5 for further

85"



Legend to Fig 3.13

Exon encoding the thiolester site

The thiolester site (overlined) is encoded by symmetrical,

phase 1-1 exon 25.



963 (EXON 25) R 
A S D P L

TCTGACACAGACTCCTCACACCTCCACCCTCTCCCTCCCATGTAGCCTCAGATCCATTCC 4380

DTLGSEGALSPGGVASLLRL 
ACACTTTACGCTCTGAGGCGGCCTTGTCACCAGGAGGCGTGGCCTCCCTCTTGAGGCTTC 4440

Thioester

PRCCGEQTMIYLAPTLAASR 
CTCGACGCTGTGGGGAGCAAACCATCATCTACTTGGCTCCGACACTGGCTCCTTCCCGCT 4500

YLDKTEQWSTLPPETKDHAV 
ACCTGGACAAGACAGACCAGTGGAGCACACTGCCTCCCGAGACCAAGGACCACGCCGTGG 4560

1032
D L I Q K 
ATCTGATCCAGAAAGGTTCTGGGTGCAAGGGCAAGCAGGAGGGGGGCCAGGAAAGCACAG 4620



di scussion).

The non-covalent binding site(s) (Fig, 3.14)

C2, C4bp, CR1, decay accelerating factor (DAF) and membrane 

co-factor protein (MCP) may share related, or over lapping,if not 

the same, non-covalent binding sites on C4. These sites are ill- 

defined and have not been properly mapped. However, analogous 

binding site(s) for factor H and CR2 has been located to a region 

within residues 1199-1274 on the human C3 molecule (reviewed by 

Lambris and Muller-Eberhard, 1986). This would suggest that an 

analogous non-covalent binding site on C4 might be localised on a 

region mainly encoded by exon 30, if C3 and C4 possess the 

analogous non-covalent binding site at the similar position 

(Fig. 3.13). Exon 30 is the largest coding exon of the C4 gene 

and it codes for 78 amino acids. Its derived protein sequence 

shares 38% identity over a stretch of 42 amino acids when 

compared with C3 in this region. No sequence similarity with 

C3 was found at the N-terminal region of the peptide encoded 

by this exon, which suggests that the specificity of 

interaction among C4 and C3 with their analogous but different 

ligands may lie in this region. The protein sequence encoded 

by exon 30 is hydrophobic in the middle and flanked by 

hydrophilic regions at both ends.

A unique region encoded by exon 34 (Fig. 3.15)

C4 is different from C3 and C5 in that the mature molecule 

is post-transcriptionally processed to a 3-chain structure 

before secretion, instead of the 2-chain form for C3 and C5. 

This is because C4 undergoes an extra intracellular 

proteolytic cleavage. C4 is unusual as it undergoes an



Legend to Fig. 3.14

Analogous non-covalent binding site on C4 (?)

The factor H binding site (dashed underlined) and the CR2 binding 

site (solid underlined) on the C3 molecule have been mapped 

(reviewed in Lambris and Muller-Eberhard, 1986). Assuming the 

analogous non-covalent binding site on C4 (i. e. for C4bp etc.) 

is located at the equivalent position as C3, this site would map 

to a region mainly encoded by exon 30. Alignment of the 

sequences revealed that C4 and C3 share 38% horaology in an 

overlap of 42 residues. (It is possible that there are more than 

one non-covalent binding sites on the C4 molecule). 

:, identity in sequences; ., conservative changes; -, gap 

included to maximize homology.
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Legend to Fig. 3.15

Exon 34 - a unique exon found in C4

Exon 34 encodes three 0-tyrosine sulphation sites (circled), 

the post-secretory metalloprotease site (arrowed) and the 

intracellular proteolytic cleavage site (boxed) for the °£ 

junction. All these features are unique to C4 among the 

complement proteins. The size-polymorphic tripeptide that 

contains one of the sulphation site is marked by +, Cp, carboxyl 

terminus of plasma C4; Cs, carboxyl terminus of secretory C4. 

(Exon phase = 1-2; non-symmetrical).



1393
M B 

GGCTGGCGCAGGGAGCCGGGTGGCCATCCCAGCCCTCCTCACAATGCTTCCCTGTGCAGT 8040

(EXON 34) + + +
EANED©ED©E©DELPAKDDP 

GGAAGCAAACGAGGACTATGAGGACTATGAGTACGATGAGCTTCCAGCCAAGGATGACCC 8100

DAPLQPVTPLQLFEGRRNRR
AGATGCCCCTCTGCAGCCCGTGACACCCCTGCAGCTGTTTGAGGGTCGGAGGAACCGCCG 8160

v>

Cs

REAPKVVEEQESRVH
CAGGAGGGAGGCGCCCAAGGTGGTGGAGGAGCAGGAGTCCAGGGTGCACTACACCGTGTG 8220

1451 
I W 

CATCTGGTGGGCGCCGGGAGCTGCCCTGGGCCAGGGGAGGGAGGGCAGGACCCAGGCTGG 8280

GGCTGGGCTTCTGGAGCCCGCGCAGGCAGAACCTGGACGACAGCTCACACGTCTCCACAG 8340



extracellular proteolytic cleavage by a metalloprotease after 

secretion (Chan et al., 1984). This additional processing 

would generate a hypothetically, very hydrophilic peptide 22- 

26 residues from the C-terminus of the alpha chain (Law and 

Gagnon, 198S). Moreover, C4 is unique on comparison with its 

related proteins as the three tyrosine residues near the C- 

terminal region of the alpha chain are sulphated (Karp,1983; 

Hortin et al., 1986a) The intracellular and extracellular 

proteolytic cleavage sites together with the three sulphation 

sites are all encoded by exon 34. This exon-encoded peptide 

has an unusual amino acid sequence. In a region of 12 residues 

long, there is a proline residue in every tripeptide. About 

40% of the 63 amino acids encoded by this exon are charged. 

Together with the sulphate groups linked to the three 

tyrosines, these form a highly negative region on the carboxyl 

terminus of the alpha chain, and a hydrophilic N- terminus of 

the gamma chain. It was suggested that the C-terminus of the 

alpha-chain may be involved in holding the Mg2 "1" which is 

required for the C4b2a (C3 convertase) activity (Hortin et 

al., 1986a). Indirect evidence has suggested that the C- 

terminus of the alpha chain is exposed to the exterior as the 

sulphated peptide can be proteolytically excised and eluted 

without denaturing the protein (Chan et al., 1983). No 

sequence homology at this region has been observed between C3, 

C4 and alpha-2 macroglobulin, suggesting that this exon may 

be unique to C4.

One further point of interest for this exon is that a 

tripeptide, DYE 1199a, b, c, (Fig. 3.15) which contains one of 

the three sulphation sites, is not present in a cDNA clone
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pAT-A. This may represent another degree of polymorphism on 

the C4 molecule.

Cysteine residues and disulphide linkages

There are 11 cysteine residues on the alpha chain encoded by 

Cos 3A3. Six of them are present on C4a to form a rigid, 

disulphide 'knot 1 as described. One cysteine is involved in the 

formation of the thiolester bond (i.e. Cys 994). Cys 1102 is 

one of the C4 isotypic residues and may be involved in 

modulating the thiolester activity. This residue may form 

some thiolester-1ike linkage uith Asp 1106, or be buried, or 

substituted, as no free thiols have been detected except the 

one released from the thiolester, after activation of C4. An 

alpha-beta and an alpha-gamma inter-chain disulphide linkage 

was detected on the 27 K, alpha 3 fragment of C4b (Janatova, 

1986; Seya et al., 1986b). This suggests that Cys 801 encoded 

by exon 21 and Cys 857 encoded by exon 22 are involved in 

linking the alpha chain to the beta and gamma chains. Another 

interchain disulphide linkage was detected between the 16K 

alpha 4 fragment and the gamma chain. This implies that the 

Cys 1375 encoded by exon 33 is involved in the formation of 

the second alpha-gamma bridge (Fig. 1.5>-

Glycosylation sites (Fig. 3.9 b, c and d)

Three N-linked glycosylation sites are present on the alpha 

chain and they are of biantennary complex type (Chan and 

Atkinson, 1985). They are encoded by exon 21 (position 843 - 

845), exon 31 (position 1309 -1311) and exon 33 (position 1372 - 

1374). The first site matches the splicing junction of intron



21. The last site is located just N-terminal to the cysteine 

residue which is involved to the alpha-gamma inter-chain 

disulphide linkage.

Polymorphism

Most of the polymorphic sites on C4 are detected on the 

alpha chain and they are all clustered at the C4d region except 

the two present on the anaphylatoxin, C4a, described before. A 

total of 12 amino acid residues have been detected by protein 

sequencing of C4 from pooled serum. Genomic sequence of the C4A 

gene, together with the published cDNA data, in this study, 

have detected ten of the described amino acid changes (Table 

3.4; Fig. 3.8). These changes account for the C4A/C4B isotypic 

properties, Rg/Ch antigenic determinants and the allelic 

variation.

3.3.2.3 Structure of the gamma chain

Compared with the those of alpha and beta chains, the exons 

coding for the gamma chain appear to be more uniform in size. 

Except for exon 34 (63 residues) which encodes the N terminus of 

the gamma chain, the other eight exons encode 25 to 45 amino acid 

residues. Exons 36 and 37 are interrupted by the second biggest 

intron of the gene, i.e. 1494 bp. No protein function for the C4 

gamma chain is known. In terms of secondary structure, the gamma 

chain may probably be more rigid as it possesses 5 intra-chain 

and two inter-chain (alpha-gamma) disulphide linkages. The 12 

half-cystine residues are encoded by exons 34 (1), 37 (1), 38 

(4), 39 (2), 41 (1) and 42 (3). No glycosylation site has been 

found on the gamma chain. A single polymorphic site has been
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detected on the gamma chain, i.e. Asp/Tyr 1478. Tyr 1478 is 

present in the C4A gene sequenced.

3.3.3 The 3 1 ends of the C4 genes

The last exon of the C4A gene also includes a 3' 

untranslated sequence of 140 nucleotides. The polyadenylation 

signal is a variant ATTAAA instead of AATAAA (Proudfoot and 

Brownlee, 1978) which is 105 nucleotides downstream from the stop 

codon. In other words, the poly(A) site is 31 bp 3' to the 

polyadenylation signal in the C4A gene sequenced. Whereas in the 

C4B cDNA pAT-F, this distance is only 14 bp (Belt et al., 

1985). Immediately downstream of the poly(A) site is a stretch 

of GT-rich sequence which has been suggested to be involved in 

the formation of the 3* end of the mRNA (Gil and Proudfoot, 

1987).

The DMA sequence between the poly(A) site of the C4 gene and 

its immediate downstream Bgl II site has also been determined, it 

is 1357 bp long. Recently, Higashi et al., (1986) published the 

DNA sequences of the neighbouring 21-hydroxylase A and B 

genes starting from the Bgl II sites. The DNA sequence of a 0.6 

kb Asp 718 restriction fragment corresponding to the 3' end of 

the C4B 3 gene has been determined (data not shown). This 

sequence showed that the 3' ends of the C4A and C4B genes are 

identical. As the mentioned Bgl II site is about 1671 bp 5' to 

the translation initiation codon of the 21-hydroxylase gene, this 

suggests that the intergenic region between C4A and 21- 

hydroxylase A, and presumably between C4B and 21-hydroxylase B , 

is about 3028 nucleotides. This is considerably longer than 

the distance separating the other two HLA-1inked complement



genes, C2 and Factor B, which is only 421 nucleotides apart 

(Wu et al., 1987).

3.3.4 Exon phase and amino acid residues encoded 

at/between the splicing junctions

As shown in Table 3.3, there are 17 symmetrical and 25 

asymmetrical exons in the C4A gene. Among the symmetrical exons, 

nine belong to the 0-0 phase, eight belong to the 1-1 phase and 

only one belongs to the 2-2 phase. Many of the important 

functions in the C4 protein are encoded by the phase 1-1 exons. 

These include the proteolytic cleavage site for the beta-alpha 

junction, the two exons encoding the anaphylatoxin C4a, the 

thiolester exon and the exon encoding for the second factor I 

cleavage site. It has been noted that most of the exons involved 

in exon shuffling / duplication events in the plasma proteins of 

vertebrates belong to the 1-1 phase (Patthy 1987). It is notable 

that an anaphylatoxin is not encoded by the C4 related protein, 

Jti macroglobul in; also a thiolester bond is absent in the other 

C4 related protein, C5. Thus it is tempting to speculate that 

the absences of the corresponding protein functions in oUM or in 

C5 may be caused by exon deletion or insertion events. The 

symmetry in the exons favours the exonic recombination events 

because they would not disrupt the reading frame of the coding 

sequence which otherwise would be deleterious .

It has been noted by CraiK and coworkers (1982, 1983) that 

the exon-intron splice junctions often map to protein 

surfaces. In other words, the amino acid residues encoded at 

or between the splice junctions tend to be hydrophilic. This 

phenomenon may well apply to the case C4. Remarkably, among 

the residues encoded by the 3' ends of the 42 exons in C4, 18



are charged and 14 are polar in nature. Of the charged 

residues, seven are lysine. It is of considerable interest 

to see whether a similar feature is also present in the other 

related proteins.

3.3.5 Comparison of the exon/intron structure among

human C4, mouse C4 and mouse C3 genes at the 5 1 region

Limited genomic sequences of murine C4 (Nonaka et al., 1985) 

and murine C3 (Lundwall et al., 1984) are available. A comparison 

of their exon/intron structures with that of human C4 is shown in 

Table 3.5. Human C4 and mouse C4 share exactly identical exon 

size and exon phase for the regions compared. This is in accord 

with the phenomenon that there is a temporal conservation of the 

exon/intron structure (i.e. exon size and intron position) of the 

same (analogous) protein among different species. On the other 

hand, the sequence and size of the introns between human C4 and 

mouse C4 do not shown homology, probably because there is no 

selection pressure to maintain the identity. Computer analysis 

using the programme DIAGON has already revealed that there is 

very little or no homology between C4 and C3 in the N-terminal 

region of the precursor proteins (Fig. 1.8a). This disparity is 

again exhibited in the exon/intron structure The size and phase 

of the first two exons of mouse C3 are both different from those 

of C4, although the first exon of mouse C3, mouse C4 and human C4 

all encode the leader peptides and the first three residues of 

the N-terminus of the corresponding precursor protein.

3.4 Summary and conclusion

The genomic sequence of a C4A gene and its 5' and 3'



Table 3.5 A comparison of the exon/intron strucutre at the 5* 
end regions among the human C4, mouse C4 and mouse 
C3 genes

exon 1* (nt)
(aa)

phase

exon 2 (nt)
(aa)

phase

human C4

51 nc + 65
22 ( 19 + 3)

- 1

199
66

1 - 0

mouse C4

51 nc + 65
22 (19 + 3)

- 1

199
66

1 - 0

mouse C3

X + 80
27 (24 + 3)

- 2

190
63

2-0

intron 1 (nt)

intron 2 (nt)

132

217

100

457

1061

361

nt, nucleotides; 
nc, non-coding sequence; 
aa, amino acids;
X, 5' non-coding sequence of mouse not determmined; 
*, exon 1 encodes the 5* nc, the leader peptide and the 

protein N-terminus.



flanking region has been determined. This allows the 

elucidation of the exon - intron structure of the C4 gene. C4 has 

a compact, non-TATA boxed and cell-specific promoter which can be 

potentiated by a transcription enhancer element whose core is 

located ~70 nucleotides upstream of the major CAP site. Between 

the CAP site and the translation initiation codon is a 5' 

untranslated region of 51 nucleotides.

The precursor C4 molecule is encoded by 42 exons. The beta- 

alpha and alpha-gamma proteolytic cleavage sites are respectively 

encoded by exon 17 and exon 34. Genomic sequence suggests that 

the C4A gene codes for a 1745 amino acids molecule, of which the 

first 19 residues forms a leader peptide with a hydrophobic core 

that is characteristic of secretory proteins.

There is some correlation between the exon structure and 

the protein function of C4. Most of the known protein 

functions and properties have been located to the alpha chain 

The 77 residue anaphylatoxin, C4a, is encoded by the second 

half of exon 17 and the entire exon 18. The Cls cleavage site 

is at the last amino acid residue encoded by exon 18, which 

matches completely with the exon-intron boundary. The 

thiolester covalent binding site is encoded by exon 25 while 

the C4A/C4B isotypic residues which may modulate the 

thiolester reactivity is found in exon 27. The Eodgers and 

Chido antigenic determinants are encoded by exons 26, 27 and 

29. It is probable that the peptide fragment encoded by exon 

30 may be involved in the formation of the non-covalent 

binding site of C4bp and/or other related proteins. Exon 34 

appears to be unique to C4 in that it codes for (i) the 

intracellular proteolytic cleavage site for the alpha-gamma



chain, (ii) extracellular metalloproteolytic site to remove 22 

to 26 residues from the C-terminus of the alpha chain, and 

(iii)it encodes three 0-tyrosine linked sulphation sites. 

These properties have not been found in other related 

proteins, C3, C5 and alpha-2 macroglobulin. The protein 

sequence encoded by this exon does not exhibit sequence 

identity with those of the related proteins at the analogous 

positions. Obviously, more information about the evolutionary 

relationship between C4, C3, C5 and alpha-2 macroglobulin will 

be deduced when the gene organisation of the last three 

proteins are determined.

Polymorphisms have been detected on all three chains of 

the C4 molecule (Fig. 3.10). There is a possible variation in 

size by one amino acid residue for the beta chain (exon 7) and 

by three residues, one of which also contains a sulphation 

site, on the alpha chain (exon 34). Genomic, cDNA and protein 

sequences together have detected three changes in amino acid 

sequence in the beta chain, fourteen changes in the alpha 

chain, and one change in the gamma chain. For the alpha 

chain, two changes were located in the C4a activation peptide 

and all others are found in the C4d region. These changes seem 

to be related to the variation in the differential thiolester 

reactivities antigenicity and electrophoretic mobilities . 

Polymorphism constitutes one of the most fascinating aspects 

on the studies of C4.

The size of the 41 introns is generally comparable to their 

neighbouring exons except for 3 that are more than 1 kb larger. 

The intron between exon 10 and 11 is about 6-7 kb, which is 

unusual in that it is absent in some of the C4 genes. Preliminary



data reveal the presence of long terminal repeats flanking the 5' 

and 3* ends of this intron. It remains to be determined whether 

this intron is a transposable element .

The last exon of C4 also contains 140 bp of 3' untranslated 

sequence. The poly(A) signal is found 31 bp upstream the poly(A) 

site. Near the poly(A) site is a stretch of GT-rich sequence 

which may be involved in mRNA formation. Together with published 

sequences for the 21-hydroxylase A and B genes, the intergenic 

region between C4 and 21-hydroxylase is found to be ~3028 bp.



CHAPTER FOUR

STRUCTURAL BASIS OF THE POLYMORPHISM OF HUMAN COMPLEMENT 

COMPONENTS C4A AND C4B: GENE SIZE, REACTIVITY AND

ANTIGENICITY

4. 1 Introduction

Human complement component C4 plays a key role in the 

activation of the classical complement pathway, especially in 

the formation of the complex C3 and C5 convertases (for 

reviews see Reid and Porter, 1981; Porter, 1984). There are 

two C4 isotypes, C4A and C4B, which are encoded by tandem loci 

about 10 kb apart, located in the major histocompatibi1ity 

complex on the short arm of chromosome 6 (T£_i;sberg et al., 

1976; Carroll et al., 1984a; reviewed by Porter, 1985; Carroll 

et al., 1985a). As shown by the derived amino acid sequences 

from complete and/or partial cDNA and genomic sequences, the 

two protein molecules are very similar and there is less than 

1% sequence variation between the pro-C4 molecules with 1745 

amino acid residues (Belt et al., 1984; 1985, chapter 3). C4 

is synthesised as a single chain precursor molecule (mol. wt . 

200,000) and is post-trasnslationally processed to the three- 

chain disulphide-linked structure (Hall and Colten, 1977; 

Janatova, 1986).

At the middle of the oc chain, there is a characteristic 

thiolester bond which is also present in complement component 

C3 and the protease inhibitor, «** macroglobulin (reviewed by 

Tack, 1985). After activation of C4, the thiolester bond 

becomes labile and is readily cleaved to give a reactive



carbonyl that uill form a covalent ester or amide bond with 

nearby antigens or Ig G surfaces (Law et al., 1980; Campbell et 

al., 1980). Despite the high sequence homology, C4A and C4B 

exhibit a remarkable difference in the thiolester reactivity. 

Recent analyses by two laboratories (Isejnan and Young, 1984; 

1986; Law et al., 1984; Dodds et al., 1986) have independently 

led to the similar conclusion that C4A binds preferentially to 

amino groups of peptide antigens and C4B more efficiently binds 

to hydroxyl groups of carbohydrate antigens. This intrinsic 

difference in covalent binding affinity results in a 3-4 fold 

higher binding of C4B to sensitised sheep red cells and 

explains the well-known higher activity of C4B in the classical 

haemolytic assay (Adweh and Alper, 1980). The*(chain of C4A 

has a lower electrophoretic mobility of about 2,000 daltons 

than C4B (i.e. mol. wt.: C4A-96,000 vs. C4B-94,000; Roos et 

al., 1982). The human blood group antigens Rodgers (Rg) and 

Chido (Ch) were shown to correspond to C4A and C4B, 

respectively (O'Neill et al., 19780). The apparent 2,000 dalton 

mol. wt. difference of the o^ chain and the Rg/Ch antigenic 

determinants reside in the proteolytic degradation fragment, 

C4d (Tilley et al., 1978; Lundwall et al., 1982; Chan and 

Atkinson, 1985).

C4A and C4B are very complex both at the genomic and at 

the protein levels. This may have important implications for 

the origin of many HLA-related autoimmune diseases (Porter, 

1983; Dawkins et al., 1983; Fielder et al., 1983). The C4 

genes of different individuals can differ both in number and 

in size (Carroll et al., 1985b; reviewed by Carroll et al., 

1985a; chapter 6). The C4A and C4B proteins are highly
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polymorphic and this has been demonstrated by differences in 

electrophoretic mobility of neuraminidase-treated plasma (Hauff 

et al., 1983a ; Sim and Cross, 1986), serological typing (Roos et 

al., 1984; Giles et al., 1984; Giles, 1987), and direct DNA 

sequencing (Belt et al., 1984, 1985; and this work). A 

combination of all these approaches suggests that there are 

altogether more than forty alleles in the two C4 classes.

By means of many polyspecific anti-Rg and anti-Ch 

antisera obtained from transfused patients who lacked either 

C4A or C4B protein, respectively, it has been defined that 

there are two Rodgers (Rg: 1,2) and six Chido (Ch: 1, 2, 3, 4, 

5 & 6) antigenic determinants (Giles et al., 1984; Giles, 

1987). However, there is not a complete association of Rg 

determinants with C4A and Ch determinants with C4B. Despite 

maintaining the class-specific differential thiolester 

reactivities and having the class-specific apparent oc chain 

mol. wt. (Rittner et al., 1984; Roos et al., 1984; Dodds et 

al., 1986), some C4A 1 allotypes do not possess either of the 

two Rg determinants, but express four Ch determinants (i.e. 

Rg:-l,-2; Ch: 1,-2,3,-4,5,6). Moreover, a minor proportion of 

the C4B 5 allotypes have been shown to express Rgl (whether Rg2 

is express or not has not been determined), and contain only 

two of the six Ch determinants (i.e. Ch: -1,-2,-3,4,-5,6) 

(Rittner et al., 1984; Roos et al., 1984; Giles et al., 1984; 

Giles, 1987). It was not clear whether the Rg/Ch determinants 

and the differential thiolester reactivities are correlated.

In order to correlate the structure and function of the
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two C4 isotypes particularly with respect to the structural 

basis of the differential thiolester reactivity, the 

antigenicity of the Rg/Ch blood groups, and the polymorphism of

C4A and C4B, genomic libraries using DNA isolated from three
TaWe4. 

individuals with interesting Rg/Ch phenotypes were constructedA

From these libraries genomic clones of the complete Rg+ C4A 3a 

(C4A 3a is a sub-type of C4A 3) and the complete Ch+ C4B 3 were 

isolated. In addition I obtained clones for the C4A 1 and C4B 5 

allotypes, described above, which possess their own class- 

specific properties, but essentially the reversed antigenicity. 

The C4 genes of these clones were characterised and the 

polymorphic C4d regions sequenced. This work allows many 

important conclusions to be drawn on the genetics and 

polymorphism of the C4A and C4B isotypes and advances our 

understanding of the structure and function of two very similar 

but unique proteins which probably originated from the same 

ancestral gene by gene duplication.

4.2 Results
4-2.1
Cloning, mapping and assignment of C4 genes

Hybridisation of full-length and 5' C4 cDNA probes to 

restriction digests of cloned C4 genes has shown that the C4 

genes vary in size. The mapping of a C4A gene in the cosmid 

Cos 3A3 revealed that the gene is 22 kb in length and has a 6-7 

kb intron located near the 5' end of the gene (Carroll et al., 

1985a; Carroll et al., 1986). In contrast two different C4B 1 

alleles, C4B la from Cos 1E2 and C4B Ib from Cos KEM-1 (Carroll 

et al., 1985a; 1985b; Belt et al., 1985) do not possess the 

big intron and are only 16 kb in size. A combination of



Southern blot analysis on subcloned DNA using a full length 

cDNA probe, and direct DNA sequencing of the C4A gene from Cos 

3A3 has enabled the construction of an accurate restriction map 

of the gene (Fig. 4. la). The 6-7 kb intron is located about 2- 

2.5 kb from the 5* of the gene. Its presence can be detected by 

Southern blot analysis of BamH I or Kpn I restriction genomic 

fragment , using a 476 bp 5* cDNA (P A ) and a 927 bp BamH I 

genomic fragment specific for the C4d region of the gene (PB ), 

respectively. The long C4 gene can be identified by the 

presence of the 4.8 kb Bam HI and the 7.5 kb Kpn I fragments. A 

short C4 gene is characterised by the presence of the 3.3 kb 

BamH I and the 8.5 kb Kpn I fragments (Carroll et al., 1985a; 

1985b). The genomic DNA of the three individuals whose DNA was 

used to construct genomic libraries was examined by this 

approach.

In the individual AW (C4A 3; C4B 3/ C4A 3; C4B QO), only 

the 4.8 kb BamH I and 7.5 kb Kpn I fragments were detected 

(Fig. 4.2, lanes 1, 4). As the C4B QO allele in this individual 

was deleted (Carroll et al., 1985a; b; Yu, unpublished), the 

single C4B gene, C4B 3, present is therefore long. Four C4B 

clones were characterised from the AW genomic library 

constructed by K.T. Belt. Fine mapping of the cloned DNA 

confirmed that the C4B 3 gene possesses the 6-7 kb intron and 

is 22 kb in length.

In the individual AD (C4A 1; C4B QO/ C4A 3; C4B QO) only 

the 4.8 kb BamH I and 7.5 kb Kpn I fragments were detected by 

Southern blot analysis (Fig. 4.2, lanes 3 and 6). Therefore, 

the C4 genes present are all long genes. It has been suggested

IOO



Legend to Figure 4.1

Restriction maps of (a) long, (b) short human C4 genes and (c) the 

polymorphic C4d region.

a. & b. Restriction maps of a long C4 gene (22kb) were derived from 

Cos 3A3 and that of a short C4 gene from AJM-2a. Open dotted box 

indicates the approx. position of the 6-7kb intron. P. and PR 

are the 5' specific C4 cDNA probe and C4d specific genomic 

probe, respectively. For each map, the top represents the 

order and size of Bam HI fragments, and the bottom the Kpn I 

fragments. When P« and PR are used, long C4 genes have 4.8kb 

Bam HI and 7.5kb Kpn I fragments, and short C4 genes have 

3.3kb Bam HI and 8.5kb Kpn I fragments.

c. The 2.3kb Sma I fragment encodes >90% of C4d. Sm = Sma I, B = 

Bam HI, Nc = Nco I, X = Xho I, P = Pvu II, Na = Nar I (present 

in some C4 genes only; refer to text), and Hfx = Hinf 1 (only 

the single site of the 927bp Bam HI fragment is shown). + 

depicts the position in the sequencing primer near to the 

isotypic region.
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Legend to Figure 4.2

Genomic Southern analysis of AW, JM and AD DNA.

Lanes 1 and 4, AW (C4A 3; C4B 3/C4A 3; C4B 00); lanes 2 and 5, JM 

(C4A 4; C4B 5/C4A 3; C4B QO); lanes 3 and 6, AD (C4A 1; C4B QO/C4A 

3; C4B QO). Lanes 1-3 show DNA restricted with Bam HI and probed 

with the 5' specific probe, P«. Lanes 4-6 show DNA restricted with 

Kpn I and probed with the C4d specific probe T'g. Long C4 genes are 

characterised by 4.8kb Bam HI and 7.5kb Kpn I fragments. Short C4 

genes are characterised by 3.3kb Bam HI and 8.5kb Kpn I fragments.
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the C4B QO allele of the HLA haplotype A3 B47 DRY C4A 1; C4B QO 

is deleted (White et al., 1985; Carrol 1 et al., 1985a; 

Schneider et al., 1986). On the other hand, the C4B QO allele 

of the HLA haplotype A2 B44 D16 C4A 3; C4B QO is a long C4 gene 

and has been cloned ( Chapter 6; Yu and others, in 

preparation).

Four C4A genomic clones were isolated and characterised 

from the AD library. In order to differentiate between the 

C4A 3 and the C4A 1 alleles a Bam HI/ Nar I double digest of 

the cloned DNA was carried out. This digest was chosen 

because all C4A alleles so far characterised contained a 

single Nar I site in the 927 bp Bam HI fragment (Fig. 4.1c) 

whereas the C4B alleles did not. It was anticipated that as 

C4A 1 had been serologically typed as Ch positive (i.e. 

contained the C4B antigenic determinants, littner et al., 

1984) the C4A 1 allele may also not contain the Nar I site. The 

927 bp BamH I fragment at the C4d region of three of the clones 

was cleaved to two 810 bp and 117 bp fragments by Nar I. The 

nucleotide sequence of the BamH I fragment from one of these 

clones, AAD 2o(, was found to be identical to the sequence of 

the gene in Cos 3A3 previously assigned as coding for C4A 3a 

(Belt et al., 1985). (These three clones therefore correspond 

to C4A 3. ) The Bam HI fragment in the fourth clone, XAD-loc, 

remained intact after the Nar I digest, and therefore 

correspond to the C4A 1 allele.

In the individual JM (C4A 4; C4B 5/C4A 3; C4B QO) both 

22 kb and 16 kb C4 genes were detected, as shown by the
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presence of the 4.8 kb and 3.3 kb BamH I fragments (Fig. 4.2, 

lane 2) as well as the 7.5 kb and 8.5 kb Kpn I fragments (Fig. 

4.2, lane 5) in Southern blot analysis. Further genomic 

Southern blot analysis shown that there were no long C4B genes 

present in individual JM and the polymorphic C4d region of the 

short C4 genes appeared identical in many marker restriction 

digests (data not shown). Two C4B clones were characterised 

from the JM library. One of these clones, xJM-2a, includes a 

>17 kb insert that encodes a complete 16 kb C4B gene. The 

other clone, XJM-6a, starts at the middle of the C4B gene and 

extends 3* to the 21-hydroxylase B gene. Fine restriction 

mapping showed that the polymorphic C4d regions of the two 

clones are identical. This implies that the C4B QO allele of JM 

is either deleted or is a short C4B gene which is identical to 

the C4B 5 allele at the C4d polymorphic region. Further 

studies favour the proposal that the C4B QO allele of the HLA 

A3 B35 haplotype is deleted (data not shown). The clones xJM-2a 

and \JM-6a are therefore assigned as coding for the C4B 5 

allotype.

4.2.2 Sequence analysis of 9 allotypes of C4 at the C4d 

region

Comparison of nucleotide sequences from a full length and 

two partial C4 cDNA clones corresponding to C4A 4, C4A 3, and 

C4B 2, and limited genomic sequences of the C4B la, C4B Ib, and 

C4B 2 alleles (Belt et al., 1984; 1985) had already shown that 

there are only a total of 15 nucleotides changes present in the 

coding sequence, which results in 13 amino acid differences.
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When additional data from amino acid sequencing of C4 proteins 

is included (Chakravarti et al., 1987), 15 amino acid 

differences are apparent, 12 of which are clustered in the 

section of the chain C-terminal to the thiolester. This very 

small number of changes is apparently responsible for the 

substantial differences in the reactivity of the thiolester 

bond, and for the charge and antigenic variation in different 

allotypes. How these structural and functional differences were 

related to changes in amino acid sequence was not clear. In 

order to define the amino acid changes responsible for these 

differences, the primary structure of the C4d polymorphic 

region from four informative alleles were determined: C4A 3a, 

C4A 1, C4B 3 and C4B 5 (Table 4.1). Parallel functional 

studies had already shown that all allotypes of each class 

possess their own characteristic differential reactivity (Dodds 

et al., 1986). C4A 3a was deduced to be Rg: 1,2; Ch: -l,-2,-3,

-4,-5,-6 and C4B 3 was Rg: -l,-2; Ch: 1,2,3,4,5,6. The 

structure of these two isotypes can therefore give an account 

to the amino acid sequences that are related to the Rg/Ch 

antigenic determinants in addition to those that determine the 

thiolester reactivity. C4A 1 is an exceptional C4A variant 

because it does not possess either of the Rg determinants but 

acquires four of the Chido determinants (Rittner et al., 1984; 

Giles, 1987). It was typed Rg: -l,-2; Ch: 1,-2,3,-4,5,6. C4B 5 

is essentially the reverse of C4A 1. It was typed Ch: -l,-2,

-3,4,-5,6 and was Rg positive (Roos et al., 1984; Hing et al., 

1986; Giles et al., 1984; Giles, 1987). By comparing the 

structural data of C4A 1 and C4B 5 with C4A 3 and C4B 3, the 

amino acid sequences involved in determining the thiolester

/o3



Legend to Figure 4.3

Summary of differences in (a) nucleotide sequences and (b) derived amino 

acid residues at the C4d region for nine C4 alleles/allotypes.

a) C4d exon-intron structure is shown, position and nature of DNA 

sequence variations are indicated. Exons are numbered 1 to 8 in 

open boxes. Varied nucleotides are marked by asterisks and their 

presence in various alleles tabulated. Coding sequences are in 

capital letters and non-coding sequences in small letters. Notice 

the mutually exclusive variation pattern of DNA coding for amino 

acids (aa) 1054, 1101-1106, 1157 and 1186-1191. The C4bp-factor I 

cleavage sites are encoded by the first and the eighth exons, 

marked by vertical strokes.

A= deletion,_Q_ = °NA coding for thiolester residues, ND = not 

determined.

(b) Derived amino acid changes from (a) are shown. In addition Rg/Ch 

types are included (those of B la and B 2 were from deduction only) 

(Giles et al., 1984; Giles, 1987). Complete C4d fragment is from 

amino acids 938 to 1317 (numbering is for the continuous sequence 

of pro-C4).

Residues in brackets (I and V) were found by amino acid sequencing, 

but were not detected in the DNA sequences.

Superscript c denotes data from cDNA sequence (Belt et al., 1984; 

1985). Data on B la and B Ib were from Belt et al. (1985)._d = 

thiolester site; A. shows postion of introns in genomic derived 

sequences. 

I—1 = boundary of C4d region, ND = not determined.
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reactivity and Rg/Ch antigenicity can be distinguished.

The variation of nucleotide sequences and their resulting 

amino acid changes, if any, of C4A 3a, C4B 3, C4A 1, C4B 5 and 

five other published alleles, C4A 3b, C4A 4, C4B la and C4B 2 

(Belt et al., 1985) are depicted in Fig.4,3a and Fig. 4.3b, 

respectively.

4.2.2.1 C4A 3a

As mentioned before, the C4A genes from Cos 3A3 and \AD-20C 

were identical and were assigned as C4A 3a. They differ by one 

nucleotide from a second C4A 3 allele, encoded in pAT-42 which 

is therefore assigned as C4A 3b. The C4A 3a allele in Cos 3A3 

and \AD-2Qf encode an Ala residue at position 1267. However, 

due to a G to T transversion at the equivalent position in pAT- 

42, the C4A 3b allele encodes for a Ser residue instead (Belt 

et al., 1985).

The complete nucleotide sequence of the C4d region of the 

C4A 3a allele has been determined by the H13 sequencing method 

using randomly sonicated DNA. Comparison of the genomic DNA 

sequence with the cDNA sequence showed that the 380 amino acid 

C4d fragment is split by seven introns into eight exons that 

altogether span 2050 bp. The exons are termed Dl to D8 (which 

correspond to exons 24 to 31 in the C4 gene; chapter 3) and 

they encode 30, 70, 26, 52, 39, 57, 78 and 56 amino acid 

residues, respectively (Fig. 4.3 and Fig. 4.5b). The C4bp- 

factor I cleavage sites are encoded in exon Dl (24)and D8 (31), 

respectively, as shown in Fig. 4.3a. The residues involved in



the thiolester bond are encoded near the middle of exon D2 

(i.e. exon 25 of the C4 gene). With reference to the previous 

results (Belt et al., 1985), exons Dl, D2, D5 and D8 appear 

highly conserved and no polymorphic site has been detected so 

far. More than 90% of the C4d coding sequence is encompassed in 

a unique 2.3 kb Sma I fragment. Within this fragment is a 927 

bp BamH I and a neighbouring 410 bp BamH I - Sma I subfragment 

(Fig. 4.1c) which together cover all the reported polymorphic 

sites of the C4 chain.

4.2.2.2 C4B 3

The clone AAW-3B encodes the C4B 3 allotype which was 

serologically typed as fully Rg negative and fully Ch positive. 

The complete DNA sequence of the 2.3 kb Sma I fragment was 

determined. Comparing C4B 3 with C4A 3a, a total of thirteen 

nucleotides changes was detected. These resulted in 8 amino 

acid changes at four regions, i.e. at positions 1054, 1101-6, 

1157 and 1188-91, of which C4B 3 has the sequence G-LSPVIH-S- 

ADLR and C4A 3a has the sequence D-PCPVLD-N-VDLL. Since these 

eight amino acid residues are the only detected changes at the 

C4d region between the two typical C4 isotypes, they must be 

related to the thiolester reactivity and to the Rg/Ch antigenic 

determinants. These eight amino acid changes can also explain 

that, in general, C4A is slightly acidic and C4B is slightly 

basic. C4B is associated with two basic amino acid residues 

(His 1106 and Arg 1191) and C4A with two acidic residues (Asp 

1054 and Asp 1191).

The C4B 3 sequence G-LSPVIH-S-ADLR is also common to

/or



C4B Ib (Belt et al., 1985). The faster mobility of C4B 3 than 

C4B 1 on agarose typing gel (Mauff et al., 1983 a) is therefore 

due to the presence of some other polymorphic sites on C4B 3, 

presumably outside the C4d region. Two other C4B allotypes, 

C4B la and C4B 2, differ from C4B 3 each at a single position. 

At position 1157, C4B la has the C4A 3-related Asn residues 

instead of the C4B 3-related Ser residue. At position 1054, 

C4B 2 has the other C4A 3- related Asp residue instead of the 

C4B 3-related Gly residue (Fig. 4.3b).

4.2.2.3 C4A 1

The C4A 1 allotype encoded in the clone xAD-l<* was 

serologically typed as Rg: -l,-2 and Ch: 1,-2,3,-4,5,6. It is a 

very interesting C4A variant not only because it expressed four 

of the Chido determinants and neither of the Rodgers 

determinants generally associated with C4A, but it is also the 

slowest migrating C4A allotype in the agarose typing gel 

(Rittner et al., 1984; Roos et al., 1984; Mauff et al., 1983a>. 

The DNA sequence of the 2.3 kb Sma I fragment of the C4A 1 

allele from clone XAD-loC was completely determined. Derived 

amino acid sequence at the C4d region revealed that it is 

almost identical to that of the C4B 3 allotype except at 

position 1101-6. At this region, C4A 1 retains the C4A 3-­ 

related sequence, PCPVLD, but the four amino acid residues at 

the other three polymorphic sites are all C4B 3-like. In other 

words, the C4A 1 has G-PCPVLD-S-ADLR compared with D-PCPVLD-N- 

VDLL for C4A 3a, and G-LSPVIH-S-ADLR for C4B 3. Since C4A 1 is 

a typical C4A allotype with respect to its thiolester 

reactivity (Dodds et al., 1986), this suggests that the four



amino acid differences at position 1101-6, i.e. PC—LD in C4A 

versus LS—IH in C4B, are solely responsible for the 

differences in the thiolester reactivity observed between the 

C4A and C4B isotypes. Compared with C4B 3, the C4A 1 allotype 

does not possess the Ch2 and Ch4 antigenic determinants. This 

infers that the C4B isotypic amino acid residues are involved 

in expressing the Ch2 and Ch4 epitopes because they are the 

only difference between C4A 1 and C4B 3 at the C4d region. 

However, the C4A isotypic residues, PC—LD, are not related to 

either of the two Eg determinants because C4A 1 is Rg negative 

The amino acid variations at the other three polymorphic 

regions, i.e. at position 1054, 1157 and 1188-91, also appear 

related to the expression of Rg/Ch antigenic determinants.

4.2.2.4 C4B 5

Historically, C4B 5 was the first C4B allotype that was 

demonstrated as having both Rg and Ch determinants expressed on 

the same molecule (Roos et al., 1984). To differentiate C4B 5 

from another allotype with the same electrophoretic mobility, 

this variant was also designated as C4B 5Rg"-. The C4B 5 

allotype encoded in clone XJH-2a was serologically typed as Rg 

positive and Ch: -1.-2,-3,4,-5,6. The DNA sequence of the 

927 bp BamH I fragment and its neighbouring 410 bp BamH I - 

Sma I fragment were determined. The derived amino acid sequence 

at the C4d polymorphic region reveals that the C4B 5 allotype 

retains the C4B 3-related sequences at two regions, 1101-6 and 

1157. However, the sequences at the other two regions, 1054 and 

1188-91 are both C4A 3-like, i.e. C4B 5 has the sequence D-



LSPVIH-S-VDLL. This again suggests that the amino acid 

sequence at position 1101-6, LS—IH, is C4B isotypic and is 

involved in determining the C4B class specific properties. The 

C4B 5 allotype expresses Ch4 and Ch6. Its two C4B 3-related 

sequences, LSPVIH 1101-6, and S 1157, are therefore related to 

these two Chido antigenic determinants.

4.2.2.5 Comparison of intron sequences of C4d

One of the very striking features of the DNA polymorphism 

of C4 alleles is that their intron sequences at the C4d region 

are highly conserved. From the data available, the seven 

introns in the 2.3 kb Sma I fragment of C4B 3 and C4A 1 are 

totally identical, and the C4A 3a differs only by a c_ to t_ 

transition in the intron 3' to exon D6 (see Fig. 4.3a). In 

addition, the sequences of the five introns of the C4B 5 allele 

are identical to those in C4B 3. This reinforces the previous 

report of Belt et al., (1985), which compared the introns in 

the 927 bp BamH I fragments among the C4A 3a, C4B 2, C4B la and 

C4B Ib alleles. Two differences in the intron 3* to exon D6 of 

the C4B 2, C4B la and C4B la alleles compared with other 

alleles sequenced have been defined. One is a ^ to c_ 

transversion. The second is the deletion of a c_ nucleotide 

(Fig. 4.3a and Belt et al., 1985).

4.3 Discussion

In this chapter, I described four findings on the genetics 

and polymorphism of the human complement components C4A and



C4B: (1) C4B genes of different gene size (i.e. 22 kb vs. 16 

kb) were cloned, (2) C4A and C4B can be defined by four 

isotypic amino acid residues at position 1101-6, which are 

likely to be responsible for their different thiolester 

reactivities; (3) the probable locations of the two Rg and six 

Ch antigenic determinants have been deduced and (4) the pattern 

of DNA polymorphism of C4A and C4B at the C4d region seems to 

be the result of gene conversion events. For this study, three 

genomic libraries were constructed and four interesting C4 

genes representing two alleles from each class were isolated 

and partially characterised.

Variation in the number of expressed C4 gene has been 

noted for ten years (Te« sberg et al., 1976), but differences in 

the gene size at the same locus is not a common phenomenon. It 

is now clear that the C4B genes can be either 22 kb or 16 kb in 

size, as exemplified by the cloned C4B 3 and C4B 5 alleles, 

respectively. Southern blot analysis has also indicated that a 

portion of the C4B 1 alleles (such as those linked to C4A 3) 

are also 22 kb in size (Palsdottir et al., 1987). Three other 

C4B genes from cosmid clones coding for C4B 2, C4B la and 

C4B Ib, respectively, were found to be 16 kb in size only 

(Carroll et al., 1985a). No 16 kb C4 A gene in the first C4 

locus (see chapter 6) has been detected so far. Detailed 

restriction mapping and Southern blot analysis suggested that a 

long C4 gene is due to large intron lying about 2-2.5 kb 3* to 

the transcription start site. The presence of the very similar 

C4A and C4B genes in tandem might have caused some mispairing 

of the non-allelic genes between homologous chromosomes during



meiosis with unequal crossing over (Carroll et al., 1985b). The 

widespread distribution of two homologous C4B genes with a size 

difference of about 6-7 kb would increase the chance of 

mispairing between the long C4B and the long C4A gene. This is 

of particular interest because of the very high frequency (~10- 

15%) of the C4A or C4B null alleles in the population, and 

deletion or duplication of the C4 genes is not unusual (Carroll 

et al., 1985b; Hauptmann et al., 1986). Obviously, it is 

important to determine the nature of the 6-7 kb intron and to 

see whether it is involved in influencing the recombinational 

events of C4 genes and their extensive polymorphism. 

Preliminary data show that this 6-7 kb intron could be a member 

of the long interspersed sequences, LINE or LI (Singer, 1982).

The structural data on the complete Kg"1" C4A 3a and the 

complete Ch~*~ C4B 3 show that there are eight amino acid changes 

at four discrete regions between a common C4A and a common C4B 

allotype. At position 1054 (I), 1101-6 (II), 1157 (III) and 

1188-91 (IV), C4A 3a is characterised by the sequence D-PCPVLD- 

N-VDLL while C4B 3 is characterised by the sequence G-LSPVIH-S- 

ADLR (Fig. 4.4). These are the only detectable changes in the 

polymorphic C4d region and therefore account for the many 

differences between the C4A and C4B isotypes. These included 

the differential reactivities of the labile thiolester, the 

apparent OC chain molecular weight difference of 2,000 daltons, 

and the Rg/Ch antigenic determinants.

Structural information from other less common variants of



each isotype, C4A 1 and C4B 5, contributes to the understanding 

of the molecular basis of the isotypic properties and on the 

location and nature of the Rg/Ch antigenic determinants. The 

C4A 1 and C4B 5 proteins possess their class-specific 

properties, but essentially the reversed antigenicities. C4A 1 

is characterised by the sequence G-PCPVLD-S-ADLR and C4B 5 is 

characterised by the sequence D-PCPVLD-S-VDLL. A combination 

of the structural data on C4A 3a, C4A 1, C4B 3, C4B 5 and five 

other published C4 allotypes (Belt et al., 1985) conclusively 

suggests that the amino acid changes at regions (I), (II), and 

(IV) are only related to the Rg/Ch antigenic differences and 

there are only four amino acid changes common to all C4A and to 

all C4B allotypes (Fig. 4.4). The C4A isotype can be defined by 

PCPVLD, and C4B defined by LSPVIH at position 1101-6 (i.e. 

region II). Apparently, these four isotypic residues are the 

root of the many class specific properties. The previous 

suggestion that the VDLL/ADLR at 1188-91 (Belt et al., 1985; 

Law et al., 1984&-) might be C4A/C4B isotypic residues can now be 

ruled out.

Thus it appears that the C4 isotypic region is responsible 

in modulating the thiolester reactivity. The thiolester and 

the isotypic residues are separated by 106 amino acids. A 

hydropathy plot of C4d (Fig. 4.5a) shows that the isotypic 

residues are located at a hydrophilic region separated from the 

thiolester by two hydrophobic zones. The thiolester residues 

appear at the middle of a hydrophobic pocket. It is likely 

that the proposed conformational change during C4 activation by 

cT ( IseVan and Kells, 1982) would bring the isotypic and the

111



Legend to Figure 4.4

Isotypic residues and possible location of Rg/Ch antigenic determinants.

Isotypic residues of C4A and of C4B are marked by crosses. The probable 

location of Rg/Ch determinants are indicated by '0'. The C4A isotypic 

residues are not related to the Rg determinants. The two Rg epitopes 

lie on two of the regions I, III and IV on C4A. The six Ch determinants 

are formed by conformational and probably scquer.zlal epitopes from the 

four polymorphic sites on C4B. A shows position of introns in genomic 

derived sequences. 

-n-= thiolester site.
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thiolester residues close together for certain interactions. 

The negatively charged Asp 1106 of C4A might increase the 

nucleophi1icity of the nearby amino or amide groups towards the 

thiolester carbonyl (Law et al., 1984a). This may provide an 

explanation for the higher covalent binding affinity of C4A to 

peptide antigens. By the same analogy, the positively charged 

His 1106 of C4B might participate in hydrogen-bonding charge 

shift in hydroxyl substrates, resulting in more efficient 

binding to hydroxyl groups of carbohydrate antigens. This 

postulation leads to one fundamental question on the mechanism 

of the breakage of the thiolester bond and its reactivity. 

Instead of the generally suggested conformational change 

exposing a reactive thiolester which undergoes rapid reaction 

with any available nucleophile, a situation may occur in which 

a conformational change rearranges the structure of the 

isotypic and the thiolester regions, forming a transient state 

that can catalyse the nucleophilic attack by the amino or 

hydroxyl groups on the thiolester carbonyl.

Besides the Asp/His 1106, the other three isotypic 

residues and the sequence nearby (Fig. 4.5b) might be important 

in modulating the thiolester reactivity as well. It is 

possible that the sulphydryl group of Cys 1102 in many C4A may 

interact with the carboxyl of Asp 1106 or with the sulphydryl 

of the thiolester Cys 991 at some stage. There is no other Cys 

residue at the C4d region of either isotype. The Pro 1101 of 

C4A would possibly cause considerable conformational change at 

the isotypic region. Together with Pro 1103, Pro 1101 may 

impose significant constrains on the local structure. It has



Legend to Figure 4.5

Comparison of (a) hydropathic profiles and (b) derived amino acid 

sequences of C4d fragments between complete Rg C4A and complete 

Ch+ C4B.

(a) The computer program HYDROPLOT, based upon the algorithm of Kyte 

and Doolittle (1982), was employed with a window of 11 amino acids. 

C4A profile is shown and the differences between C4A and C4B is in 

dotted lines. Position of the thiolester residues, and polymorphic 

residues between Rg C4A and Ch C4B are indicated. The region 

encoded in exons Dl to D8 is represented in boxes. The C4d boun­ 

daries are encoded by exons Dl and D8 (see text), (i) = incomplete 

exon.

(b) The corresponding amino acid sequence for (a). The complete Rg 

C4A is based on data from C4A 3a. Complete Ch C4B is based on 

data from C4B 3 for sequence encoded by exons Dl to D7 and C4B 2 

for that of exon D8. Positions of the exon boundaries are marked 

by vertical strokes. The thiolester site is overlined. The 

isotypic residues for C4A and C4B are marked by asterisks. The 

probable location of Rg/Ch determinants are marked by #, and * (for 

C4B).
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938 988 1038 1088 1138 1188 1238 1288

Amino acid number from Pro-C4

b)
CAA 
CAB

CAA 
CAB

CAA 
CAB

938 ___
TLEIPGNSDP NMIPDGDFNS YVRVTASDPL DTLGSEGALS PGGVASLLRL PRGCGEQTMI 
TLEIPGNSDP NMIPDGDFNS YVRVTASDPL DTLGSEGALS PGGVASLLRL PRGCGEQTMI

998
YLAPTLAASR YLDKTEQWST LPPETKDHAV DLIQKGYMRI QQFRKADGSY AAWLSRDSST 
YLAPTLAASR YLDKTEQWST LPPETKDHAV DLIQKGYMRI QQFRKADGSY AAWLSRGSST

1058 
I ** **
WLTAFVLKVL SLAQEQVGGS PEKLQETSNW LLSQQQADGS FQDPCPVLDR SMQGGLVGND 
WLTAFVLKVL SLAQEQVGGS PEKLQETSNW LLSQQQADGS FQDLSPVIHR SMQGGLVGND

1118 I I
CAA ETVALTAFVT IALHHGLAVF QDEGAEPLKQ RVEASISKAN SFLGEKASAG LLGAHAAAIT
CAB ETVALTAFVT IALHHGLAVF QDEGAEPLKQ RVEASISKAS SFLGEKASAG LLGAHAAAIT

1178 I I |
CAA AYALTLTKAP VDLLGVAHNN LMAMAQETGD NLYWGSVTGS QSNAVSPTPA PRNPSDPMPQ 
CAB AYALTLTKAP ADLRGVAHNN LMAMAQETGD NLYWGSVTGS QSNAVSPTPA PRNPSDPMPQ

1238 |
CAA APALWIETTA YALLHLLLHE GKAEMADQAS AWLTRQGSFQ GGFRSTQDTV IALDALSAYW 
CAB APALWIETTA YALLHLLLHE GKAEMADQAA AWLTRQGSFQ GGFRSTQDTV IALDALSAYW

1298
CAA lASHTTEERG LNVTLSSTGR 
CAB lASHTTEERG LNVTLSSTGR



been suggested that Pro 1101 and Cys 1102 may be responsible 

for the anomalous slower mobility of the C4A oC chain in the 

modified SDS-polyacrylamide gel (Chan and Atkinson, 1985).

There is only one functional C4 gene in mouse, which has 

to cope with both peptide and carbohydrate antigens. The mouse 

C4 protein appears to be a hybrid of human C4A and C4B, with 

respect to the isotypic residues, i.e. PCPVIH (Levi-Strauss et 

al., 1985; Sepich et al., 1985; Nonaka et al., 1985). The first 

two residues are human C4A specific, but the last two are C4B 

specific. It will be of interest to know if the reactivity of 

other thiolester-containing proteins such as the mouse C4, the 

complement component C3 and the protease inhibitor 

0^2 macroglobulin are also modulated by the area analogous to 

the human C4 isotypic region, A comparison of the amino acid 

sequences of these thiolester-containing proteins at the area 

analogous to the human C4 isotypic region is shown in Table 

4.2. Since mouse C4, human C3 and mouse C3 all possess the 

human C4B specific sequence, IH at position 1105-6, they might 

have high covalent binding affinity for hydroxyl groups and 

this has indeed been shown for human C3 (Law et al., 1984b).

Analysis of the sequence and serological data among 

C4A 3a, C4A 1 and C4B 5 sheds light on the location of the six 

Ch antigenic determinants. There is not a direct one-to-one 

correlation between amino acid substitution at each of the four 

polymorphic regions and antigenic determinants. At the C4d 

region, C4A 1 has the identical amino acid sequence to that of 

C4B 3 except at the isotypic residues and C4A 1 expresses all



TA
BL
E 

4.
2,

 C
om
pa
ri
so
n 

of
 a

mi
no
 a

ci
d 

se
qu

en
ce

s 
at
 t

he
 t

hi
ol
es
te
r 

si
te
s 

an
d 

at
 t

he
 r

eg
io

n 
an

al
og

ou
s 

to
 t

he
 h

um
an

 C
4 

is
ot

yp
ic

 s
it

e 
of

 s
om

e 
th
io
le
st
er
-c
on
ta
in
in
g 

pr
ot

ei
ns

.

Th
io
le
st
er
 s

it
e

Re
gi
on
 a

na
lo

go
us

 t
o 

th
e 

hu
ma

n 
C4
 i

so
ty
pi
c 

si
te

Re
fe
re
nc
es

Hu
ma

n 
C4

A 
Hu

ma
n 

C4
B

Mu
ri

ne
 C

4

Mu
ri
ne
 S

ip

Hu
ma

n 
C3
 

Mu
ri
ne
 C

3

Hu
ma

n 
cu
M

PR
GC
GE
QT
MI
 

PR
GC
GE
QT
MI

PQ
GC
AE
QT
MI

PR
SC
AE
QT
MI

PS
GC
GE
QN
MI
 

PA
GC
GE
QN
MI

PY
GC
GE
QN
MV

**
 

**
 

FQ
DP
CP
VL
DR
SM

FQ
DL
SP
VI
HR
SM
 

FH
DP
CP
VI
HR
AM

FH
DP
CP
VI
HR
AM

FQ
ED
AP
VI
HQ
EM
 

FQ
ED
GP
VI
HQ
EM

FR
SS
GS
LL
NN
AI

Ca
mp

be
ll

 
et

 a
l.
, 

19
81

; 
He

ll
ma

n 
et

 a
l.
, 

19
84
; 

Be
lt

 e
t 

al
.,
 1

98
4;

 
19

85
; 

th
is

 w
or
k.

Le
vi

-S
tr

au
ss

 e
t 

al
.,

 
19

85
; 

Se
pi

ch
 e

t 
al
.,
 
19
85
;

No
na

ka
 e

t 
al
.,
 
19
85
.

Og
at

a 
an

d 
Se
pi
ch
, 

19
85
; 

No
na
ka
 e

t 
al

.,
 
19
86
.

De
 B

ru
ij

n 
an
d 

Fe
y,
 
19
85
. 

We
ts

el
 
et
 a

l.
, 

19
84
.

Ka
n 

et
 a

l.
, 

19
85
.

( 
ha

em
ol

yt
ic

al
ly

 i
na
ct
iv
e)



Ch determinants except Ch2 and Ch4. This suggests the C4B 

isotypic residues are involved in the expression of these two 

epitopes. The conversion of G to D at position 1054, and ADLR 

to VDLL at positions 1188-91 result in the loss of the Ch 1, 2, 

3, and 5 epitopes on the C4B 5 molecule. Therefore, the C4B 3- 

related G at position 1054 and ADLR at 1188-91 seem related to 

Ch 1, 2, 3 and 5. It is apparent that the structural component 

of each of the four discrete polymorphic sites is involved in 

the formation of more than one epitopes. On the other hand, 

the presence of G 1054, S 1157 and ADLR 1188-1191 on C4A 1 only 

forms Ch 1, 3, 5, 6, and the presence of LSPVIH 1101-6 and S 

1157 on C4B 5 only forms Ch4 and Ch6. This would suggest that 

the six Ch antigenic determinants are formed by overlapping 

epitopes, some of which are conformational (Benjamin et al., 

1984). It seems each of the four discrete polymorphic sites 

does not only form a possibly sequential epitope, but will also 

interact with the structural component of another epitope to 

give an additional conformational antigenic determinant. To 

this end, Ch4 and Ch6 could be sequential epitopes and Ch2 a 

conformational epitope. Using a similar approach, the probable 

location of the two Rg determinants can be derived by comparing 

sequence and serological data between C4A 3a and C4A 1. They 

may fall within D 1054, N 1157 and VDLL 1188-91, although their 

exact correlation is yet unclear. Contrary to the situation in 

C4B, the C4A isotypic residues seem non-immunogenic and are not 

related to either of the two Rg determinants, as exhibited by 

the C4A 1 allotype. This would again reflect the 

conformational constraints imposed by the C4A isotypic araino 

acid residues. A structural model for the exact location of the



two Kg and six Ch determinants has been constructed and 

described in chapter 6.

The structural studies on 9 alleles from C4A or C4B show 

that there is a mosaic polymorphic pattern which is due to the 

shuffling of four discrete regions, or makers, within 1 kb of 

DNA at the C4d region. This is also manifested by the mixing 

of the two generally discrete phenotypes, i.e. C4A with two Eg 

and C4B with six Ch determinants. The interchange of the 

discrete sequences at region I, III and particularly IV, will 

result in the expression of the reversed antigenicity. Of 

equal possibility, though not shown here, the interchange of 

the sequence at region II, i.e. the isotypic region, will 

convert the C4 protein expressed to the opposite class (chapter 

6). On the other hand, it is interesting to note that although 

there are some thirteen changes in nucleotides at the coding 

region between the two isotypes at C4d there are only one or 

two changes in the intron sequences. Moreover, the overall G/C 

contact for the 2050 bp of DNA coding for C4d is relatively 

high, i.e. 60%. One of the most plausible explanations for this 

mosaic polymorphism pattern is by some gene conversion-like 

events (Petes and Fink, 1982) between the repeated C4A and C4B 

genes. The high G/C content at the C4d region would favour this 

event to occur (Weiss et al., 1983a; 1983b). Alternatively, it 

could be caused by many independent, double crossing over 

events but this seems unlikely. As discussed before, it will 

be very interesting to determine whether the extensive C4 

polymorphism and the unusually high frequency of recombination 

events are correlated. Knowledge of this would be helpful to



our understanding of the recombination mechanisms in human 

genetics.

4.4 Summary

The human complement component C4A and C4B are highly 

homologous proteins, but they show markedly different, class- 

specific, chemical reactivities. They also differ 

serologically in that C4A generally expresses the Rodgers (Rg) 

blood group antigens while C4B generally expresses the Chido 

(Ch) blood group antigens. C4A 1 and C4B 5 are exceptional 

variants which possess their class-specific chemical 

reactivities, but express essentially the reversed 

antigenicities. The genes encoding the typical Rg positive 

C4A 3a and Ch positive C4B 3 allotypes and the interesting 

variants C4A 1 and C4B 5 have been cloned. Characterisation of 

the cloned DMA has revealed that the genes encoding the C4A 3a, 

C4A 1 and C4B 3 allotypes are 22 kb long, but that encoding 

C4B 5 is only 16 kb long. Comparison of the derived amino acid 

sequences of the polymorphic C4d fragments has shown that C4A 

and C4B can be defined by only four isotypic amino acid 

differences at position 1101-6. Over this region, C4A has the 

sequence PCPVLD while C4B has the sequence LSPVIH, and this 

presumably is the cause of their different chemical 

reactivities. Moreover, the probable locations of the two Rg 

and the six Ch antigenic determinants have been deduced. The 

structural data on the C4A and C4B polymorphism pattern 

suggests a gene conversion-like mechanism is operating in 

mixing the generally discrete serological phenotype between C4A 

and C4B.

116



CHAPTER FIVE

A STRUCTURAL MODEL FOR THE LOCATION OF THE ROGDERS AND THE 

CHIDO ANTIGENIC DETERMINANTS AND THEIR CORRELATION WITH THE 

HUMAN COMPLEMENT C4A/C4B ISOTYPES (A Review)

5.1 Rodgers and Chido are C4 antigens

The Chido (Ch) and Rodgers (Rg) are human plasma and red 

blood cell antigens which were defined by the alloantibodies, 

anti-Ch (Harris et al., 1967; Middleton and Crookston. 1972) 

and anti-Rg (Longster and Giles, 1976). Anti-Rg and anti-Ch 

are IgG antibodies formed by transfused patients who lack 

either Rg or Ch antigen, respectively. The genes coding for the 

Rg and Ch antigens were both mapped to the human leucocyte 

aatigeft -- - system, HLA (Middleton et al., 1974 Giles et al., 

1976). The structural genes coding for the fourth component of 

complement C4 (Rittner et al., 1975; Tei sberg et al; 1976), and 

the complement components C2 (Fu et al., 1974) and factor B 

(Alien, 1974), were also mapped to the HLA region. Biochemical, 

genetic and serological studies revealled that Rg and Ch are 

distinct antigenic components of the two isotypes of C4, C4A and 

C4B (previously called C4F and C4S), respectively (O'Neill et 

al., 1978a, b). Subsequently it was shown that the Rg and Ch 

antigens were both located in the C4d regions of C4A or C4B 

(Tilley et al., 1978). C4d is the factor I mediated proteolytic 

degradation fragment of C4 that may be covalently linked to 

various cell surfaces (see Reid and Porter, 1981 for a review). 

C4A and C4B are highly homologous in structure (Belt et al., 

1984, 1985; Yu et al., 1986), but possess markedly different

f/r



electrophoretic mobilities, haemolytic activities (see Mauff et 

al., 1983<l> for a review), and chemical reactivities (Isenman and 

Young, 1984, 1986; Law et al., 19843L. Dodds et al., 1986; 

Shrifferli et al., 1987). The latter is due to the differential 

reactivities of the thiolester carbonyl group in the two classes 

of C4: C4A exhibits relatively higher covalent binding affinity 

to amino groups or peptide antigens than C4B, while C4B binds 

preferentially to hydroxyl groups or carbohydrate antigens. This 

phenomenon may also explain the higher haemolytic activity of C4B 

in the conventional haemolytic assay that is performed using 

sensitized sheep erythrocytes whose surface is rich in 

carbohydrate antigens (Table 5.1). The identification of C4A 

and C4B is based functionally on the haemolytic activity and 

covalent binding activity, or structurally on the apparent mol. 

wt. of the alpha chains in modified SDS-polyacrylamide gel 

electrophoresis ( C4A <<- 96 000; C4B @- 94 000; Roos et al., 

1982), or serologically using anti-Rg and anti-Ch antisera.

5.2 Polyspecificity of the alloantisera and multiple determinants 

for Eg and Ch

The haemagglutination inhibition test that was initially 

developed to study markers or allotypes of immunoglobulin, Gm 

(Grubb, 1956, : reviewed in Nisonoff et al.,1975) has been 

widely applied in the serological typing for the Eg and 

Ch antigens (Hiddleton and Crookston, 1972; Giles, 1980). To test 

the antigenicity of C4, the plasma is examined for its ability to 

inhibit agglutination in an anti-globulin test:(l) the plasma 

(antigen) is mixed with anti-Rg or anti-Ch (antibody) to allow 

Ab-Ag interaction and (2) subsequently added to human

I'Z



"fable. 5".t (lornDarison of human C4A and C4B protein

1. Electrophoretic mobility

a) agarose gel

b) SOS-PAGE (a chain)

C4A

96K

C4B

Fast (acidic) Slow (basic)

94K

2. Thiolester reactivity

a) Haemolytic activity

b) Relative covalent binding 

affinities

i) ami no group 

ii) hydroxyl group

Lower

Higher 

Lower

Higher

Lower 

Higher

r*

3. Antigenic determinants 

(Blood group antigen)

Rodgers 

(Rg: 1,2)

Chido

(Ch: 1,2,3,4,5,6)

with exceptions such as C4A 1 and C4B 5



erythrocytes coated with standard C4 (free anti-Rg/anti-Ch would 

bind to the coated C4); the C4-coated red cells are then spun 

down, washed and tested for the ability to be agglutinated by 

anti-IgG. If the test plasma contains the corresponding antigens 

for anti-Rg or anti-Ch, its interaction with the antisera will 

eliminate the subsequent reaction of the alloantibody with the 

standard C4 on red cells, therefore, no anti-globulin 

agglutination follows. Thus the C4 molecules in the test plasma 

are termed 'complete inhibitors'. On the contrary, if the 

antigens in the test plasma do not match with the test anti-Rg or 

anti-Ch, the antibodies will bind to standard C4 coated on red 

cell. Visible agglutination among red cells will result 

subsequent to the addition of anti-IgG to the reaction mixture. 

Thus the C4 molecules in the test plasma are called 'negative 

inhibitors' (Giles, 1980). On the other hand the specificities of 

the antisera can be examined by using plasma of known Rg/Ch type 

in the test. As an alternative to this approach the test C4 can 

be coated on red cells and then examined for its ability to be 

agglutinated by anti-Rg or anti- Ch.

In a study on the anti-Rg, Longster and Giles (1976) 

observed that some plasma samples exhibit a partial inhibition 

(p.i.) phenomenon. In other words the Rg/Ch antigens from some 

individuals show weaker interaction with certain anti-Rg or anti- 

Ch, although there is no indication that the related plasma C4 is 

expressed at lower level. p.i. was demonstrated for Ch in the 

C4B 2 allotype that is generally expressed in parallel with C4A 4 

(Nordhagen et al., 1980). The p.i. phenomenon was also detected 

on the C4B 1 allotype that is generally expressed in parallel



with C4A 6 or to a proportion of C4A 3. However, it was found 

that the anti-Ch attributed to the p.i. in C4B 2 did not result 

in the p.i. phenomenon observed in the C4B 1, and vice versa 

(Giles, 1984). This was taken to suggest that the anti-Ch and 

anti-Rg are polyspecific and that there may be more than one 

antigenic determinant for Eg or for Ch. Different sources of 

antisera vary in antibody specificities for Rg/Ch determinants 

(Giles, 1985a). A single partial inhibitor pattern has been 

detected in Rg so far and is generally detected in the 

isoexpressed haplotype (see chapter 6 for definition) C4A 3 A 2. 

Thus Giles ( 1985b) proposed a model with two Rg and three Ch 

antigenic determinants and they are designated as Rg 1, 2 and Ch 

1, 2, 3, respectively. In both cases, Rgl and Ch 1 were suggested 

to be the commonest epitopes.

Standardised polyspecific anti-Rg and anti-Ch alloantisera 

allowed serological characterisation of many rare C4 allotypes. 

This not only led to the subdivision of many common allotypes, 

but also the invalidation of the C4A-Rg and C4B-Ch dogma. Rare 

variants of both isotypes such as C4A 1 and C4B 5 which both 

possess their isotypic properties (i.e. haemolytic activity, 

covalent binding affinity to small molecules, and the apparent 

mol. wt. of the alpha chain) were found essentially expressing 

the reversed antigenic determinants (Rittner et al., 1984; Roos 

et al., 1984). Detailed analysis of the Rg positive C4B 5 protein 

(i) in the plasma for haemagglutination inhibition test, and (ii) 

coated on standard erythrocytes for direct agglutination 

experiment uncovered the presence of another 3 specificities of 

the anti-Ch and their corresponding antigenic determinants on C4 

were designated Ch 4, 5 and 6 (Giles, 1987). Correlation of these



determinants with the Ch 1, 2 and 3 and with the Rg 1 and 2 

determinants was made among 131 donors (Giles, 1987). 

Assignment of the presence of Rg/Ch determinants on each C4 

allotype is usually complicated by the presence of more than 

one C4A or C4B gene in each individual and therefore family 

studies are always necessary. The expression of some 

informative Rg/Ch haplotypes from the C4A and C4B haplotypes 

are listed in Table 5.2. Cumulative serological observation 

(Giles et al.,1984; Giles, 1987) enabled the following 

conclusions to be drawn.

1. All C4B molecules express Ch4.

2. All C4B molecules expressing Ch 1, 2, 3 also express 

Ch 4, 5 and 6 but not Eg 1, 2.

3. Ch2 and Ch5 are closely related and never split on C4B 

molecule.

4. Ch3 appears related to Chl and Ch6 on both C4A and C4B.

5. Both Rgl and Rg2 may not be expressed by some C4A

variants. Nonexpression of Rgl and Rg2 or both always 

renders the C4A protein possessing certain Ch epitopes, but 

never Ch2 and Ch4.

6. Rgl and Chl, Rg2 and Ch6 appear to be the alternative 

antigenic determinants on the C4 molecule.

As a result, it can be speculated that some of the Ch 

determinants might be overlapping with other determinants, and 

that Ch2 and Ch4 might be related to the region of the C4 

protein that would determine its isotypic properties.



Table 5.2 Interrelationship among C4A/C4B and Rg/Ch haplotypes

H

Donors
CM 
haplotypes Rg/Ch haplotypes Ref.

General cases

F.P. 
AW*

S.L. 
J.Hah

C.G. 
Str.

A3B1 
A3B3

AQOB1 
A3BQO

A4B2 
A4B5

Rg: 1,2 ; Ch: 1,2,3,4,5,6 1
Rg: 1,2 ; Ch: 1,2,3,4,5,6 2,3

Rg: -l,-2 ; Ch: 1,2,3,4,5,6 1
Rg: 1,2 ; Ch: -1,-2,-3,-4,-5,-6 1

Rg: 1,2 ; Ch: 1,-2,3,4,-5,6 1
Rg: 1,2 ; Ch: 1,-2,3,4,-5,6 1,4

Rare cases:

M.C. 
D.W. 
D.C.

MS74
J.M.*
A.D.*

A3B1
A3A2BQO
A3BQO

A2B3 
A4B5 
A1BQO

Rg: 1,2 ; Ch: 1,2,-3,4,5,-6 1
Rg: l,-2 ; Ch: -1 -2, -3,-4,5, +6 1
Rg: l,-2 ; Ch: -1,-2,-3,-4,-5,6 1

Rg: N.D.; Ch: -1,2,-3,4,5,-6 1,5
Rg: l,-2 ; Ch: - 1,-2,-3, 4,-5, i6 2,4,6
Rg: -l,-2 ; Ch: 1,-2,3,-4,5,6 2,7

* Genomic libraries have been made for these individuals 

N.D. not determined

Ref. 1. Giles, 1987
2. Yu et al., 1986
3. Dodds et al., 1986
4. Hing et al., 1986
5. Skanes et al., 1985
6. Roos et al., 1984
7. Rittner et al., 1984



5.3 Structural model for C4 isotypic and antigenic

determinants.

In parallel with the advance in serological typing of C4, 

remarkable progress was made in the structural studies of C4 

between 1981 to 1986. This was initiated with the determination 

of the amino acid sequence around the putative thiolester site 

and most of the C4d region (Campbell et al., 1981; Harrison et 

al., 1981; Chakravarti et al., 1983; Hellman et al., 1984), and 

subsequently continued by the isolation and DNA sequencing of 

C4 cDNA and genomic clones (Carroll and Porter, 1983; Carroll 

et al., 1984a, b; Belt et al., 1984, 1985). Meanwhile, 

disulphide linkages (Janatova, 1986; Seya et al,, 1986b, and 

sites of glycosylation (Chan and Atkinson, 1985) and sulphation 

(Karp, 1984; Hortin et al., 1986b) of C4 have been elucidated. 

No difference has yet been found in these post-translational 

modifications between C4A and C4B. The differential isotypic 

properties as well as the complex antigenic determinants are 

therefore more likely due to by amino acid differences. Full 

length and partial cDNA (Belt et al., 1984,1985) and genomic 

DNA sequences (Chapter 3), and partial protein sequences 

(Chakravarti et al., 1983 ) from pooled serum identified ~17 

amino acid changes among some common C4A and C4B allotypes. 

Surprisingly, only a few variations lie on the beta and the 

gamma chains, but 12 changes clustered at a small region of 140 

amino acids which is "230 amino acid residues C-terminal to the 

thiolester site at the C4d region. Presumably, these 17 amino 

acid variations are the basis of the (i) differential isotypic 

properties, (ii) antigenic determinants, and (ill) some allelic
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variations. The small number of variations on the beta and 

gamma chains are probably responsible for allelic variations or 

for some other undefined features as these changes are not 

common to either C4A or to C4B isotypes (Chapter 3).

Dissection of the isotypic and antigenic determinants 

was achieved by molecular cloning and DNA sequencing of many 

alleles of the C4 molecules ( Yu et al., 1986) with defined 

functional (Dodds et al., 1986) and antigenic properties (Giles, 

1987) (Table 5.3). Comparison of derived amino acid sequences 

at the C4d region between the Rg positive C4A 3a and the Ch 

positive C4B 3 suggested that there are eight amino acid 

changes which may be correlated with the isotypic and antigenic 

determinants. These changes are located at four regions as 

shown in Fig. 5.1. Regions I and III are due to single amino 

acid substitutions, while region II involves four clustered 

changes and region IV involves two changes. Thus C4A 3a has 

the sequence D-PCPVLD-N-VDLL and C4B 3 has the sequence 

G-LSPVIH-S-ADLL at these regions. Since the sequence of the Rg 

negative C4A 1 and C4B 3 are identical at the C4d region except 

for the four changes at region II, this suggests that PCPVLD / 

LSPVIH at position 1101-6 are the isotypic residues for 

C4A / C4B. Further data from the C4B 5 allotype supports this 

finding as it maintains the C4B-specific sequence LSPVIH 

1101-6, but acquires the C4A-related residues, D 1054 and VDLL 

1088-91.

Since the Rg and Ch determinants are located in the C4d 

region (Tilley et al., 1978) and the eight substitutions at 

regions I to IV are the only changes detected among the Rg 

positve C4A 3a, Chido positive C4B 3, Rg negative C4A 1, and Rg



Table 5.3 Correlation of the serological and structural data in 
six cloned C4 genes.

allotype Rg / Ch haplotype

A3a 

B3

Eg: 1,2; Ch:-l,-2,-3,-4,-5,-6 

Rg:-l,-2; Ch:1,2,3,4,5,6

Character istic 
a.a. sequence at C4d

(I) (II) (III) (IV)

D PCPVLD N

G T 0-DtT T U 
i^Oi. V 1 11

VDLL

ADLF

Al

B5

Rg:-l,-2; Ch:1,-2,3,-4,5,6 

Kg:1,(ND); Ch:-l,-2,-3,4,-5,6

G PCPVLD

LSPVIH

ADLK

ADLR

B2 Eg:(ND); Ch: 1,-2,3,4,-5,6

Bla Rg:(ND); Ch: 1,2,-3,4,5,-6

D LSPVIH S ADLR

G LSPVIH N ADLE

a.a. amino acid



positive C4B 5, these substitutions should also be related to 

the expression of the Rg/Ch antigenic determinants on the C4 

molecules. Based on the structural data and the Rg and Ch 

haplotypes of these four cloned C4 genes, and also on the cDNA 

and genomic sequences of C4A 4, C4A 3b, C4B la, C4B Ib and 

C4B 2 whose Rg/Ch haplotype can only be derived indirectly 

(Table 5.3), it is possible to correlate some of the 

determinants with the amino acid residue changes at these four 

regions. For the Chido determinants, it appears that there is 

not a one-to-one direct correlation between an epitope and the 

amino acid changes(s) at each region. For examples, C4B 2 

differs from C4B 3 only at region I (i.e. D 1054 cf. G 1054) 

and almost all C4B 2 is Ch-2 and Ch-5 (Giles et al., 1987); C4A 

1 differs from C4B 3 at region II and is Ch -2 and Ch -4. Thus 

the amino acid change(s) at each region may be involved in the 

formation of more than one epitope. Some of the epitopes are 

discontinuous or conformational which involves more than one 

(or probably two) regions, this is in accord with serological 

results as already mentioned. Two C4B 1 genes were partially 

sequenced at the polymorphic C4d region (Belt et al., 1985). 

The sequence of C4B Ib is identical to that of C4B 3, while 

that of C4B la is unusual in having the C4A-related region IV 

(i.e. N 1157). It is possible that this C4B la corresponds to 

the 'partial inhibitor' which is Ch -3 and Ch -6. Based on 

these assumptions, the probable locations of the six Chido 

antigenic determinants have been deduced and are listed in 

Table 5.4. The C4B-related sequences at regions I, II, III and 

IV, respectively, constitute the Ch5, Ch4, Ch6 and Chl 

determinants. These four determinants may be continuous (or



Table 5.4 Comparison of Ch haplotypes and ami.no acid 
sequences of the C4d fragment of some C4 
allopes with a Ch positive C4B allotype 
(e.g. C4B 3)

Polymorphic sequences at C4d

(I) (II)
G LSPVIH 

Allotypes 1054 1101-6

C4A 1

C4B 2

C4B la

C4B 5

C4A 3

(III ) (IV) 
S ADLR 
1157 1188-91 Ch

-2,

-2,

-3,

-1,

— — — 1 ,

haplotypes

-4

-5

-6*

—2 , —3 , —5

—2 , —3 ,

* absence
* only negative haplotypes are shown
** assumed

-4,-5,-6

Deduced
location
of the Ch
epitope

5 4
t _ _j

V
2

6
V
3

1



sequential) epitopes. On the other hand, Ch2 and Ch3 may be 

conformational epitopes: the former involves the amino acids 

from regions I and II, while the latter involves the amino 

acids from regions III and IV. As the C4B isotypic residues are 

related to the expression of Ch2 and Ch4, this explains the 

fact that these two epitopes are never expressed on the C4A 

molecules.

The situation for the location of Rg determinants is 

less obvious. As C4A 1 does not express Rgl and Rg2, the 

C4A isotypic residues may not be related to the Rg determinants, 

unless they are involved in the formation of conformational 

epitopes. As C4B 5 expresses Rgl and as Rgl and Chl seem to 

be alternative in a C4 molecule, Rgl is probably determined 

by the C4A-related sequence VDLL (1188-91). Accumulated 

serological data also suggest that Rg2 could be alternative to 

Ch6 (Giles, 1987), therefore, the Rg2 determinant might be 

located at the C4A-related region IV sequence (i.e. N 1157). 

Thus a molecular model for the location of the C4A/C4B isotypic 

residues and the Rg/Ch antigenic determinants has been 

formulated and is presented in Fig. 5.1.

This model can be partly tested by determining the DMA 

sequences at the C4d regions for the C4B 1 gene in linkage to 

C4A 6, and for the iso-expressed haplotype C4A 3 C4A 2 (C4B QO, 

Yu and Campbell, 1987). For the first case, N 1157 (Rg2 / 

Ch -6) is expected as the C4B 1 protein expressed from the 

C4A 6 C4B 1 haplotype is Ch -3 and Ch -6. The C4 proteins 

from the C4A 3 C4A 2 (C4B QO) haplotype have been found to be 

Rg l,-2; Ch 5, 6 (Giles, 1987). If Rg2 and Ch6 are 

alternative, and because negative traits of the Rg and Ch



Fig. 5. 1 A structural model for the location of the Eg and the 

Ch antigenic determinants and the correlation with 

the human complement C4A/C4B isotypes

The C4d fragment is from position 938 to 1317. The isotypic 

residues of C4A and C4B are marked by crosses. The eight amino 

acid changes at regions I, II, III and IV constitute Ch 5, 

Ch 4, Ch 6 and C'n j, wroch are probably continuous epitopes. In 

addition they may form two discontinuous epitopes, Ch 2 and 

Ch 3. The location of the Eg determinants are derived from 

serological observation that on a C4 molecule, Eg 1 and Eg 2 

are mutually exclusive to Ch 1 and Ch 6, respectively; and from 

the structural and serological data of C4B 5 and C4A 1. 

Deduced/assumed locations are enclosed in brackets. Solid 

triangle shows the position of intron in genomic-derived 

sequences. Open square shows the location of the thiolester 

res idues.
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determinants are expressed in a recessive manner, S 1157 (Ch6 

/ Rg-2)in the region III are therefore expected to be present 

on both of the C4A 2 and C4A 3 molecules, and G 1054 (Ch5) in 

the region I may be present on either or both of these iso- 

expressed C4A molecules. Alternatively the model can be tested 

by using synthetic peptides with amino acid sequences 

corresponding to the proposed antigenic sites for competition 

binding to the alloantibodies. On the other hand, the model is 

in accord with all of the serological data and no exception has 

been found so far (Giles, C.M. personal communication).

5.4 Prospective and implications

The elucidation of the C4A/C4B isotypic residues 

significantly advanced our understanding on the structure and 

function between two highly homologous proteins which exhibit 

diversified reactivities. It suggests the presence of a 

region in the C4 molecule that may modulate the covalent 

binding reaction of the thiolester carbonyl group (Yu et 

al.,1986). The determination of the molecular basis of Rg / 

Ch antigenic determinants would provide insights to the allo- 

antigenicity of human proteins. It is interesting to observe 

that only a single amino acid difference on a 1745-residue 

human serum protein can stimulate an immune response after 

blood transfusion. For instance, a transfused patient with 

C4A 4 C4B 2 haplotype (Rg 1, 2; Ch 1, -2, 3, 4, -5, 6) 

produced antiserum specific for Ch2 and Ch5 (Giles et al., 

1987). In this aspect the Rg/Ch antigenic determinants of 

C4 are remarkably similar to the genetic markers in the



constant regions of the immunoglobulin molecules, Gm (reviewed 

in Nisonoff et al., 1975). The presence of multiple antigenic 

determinants on the same molecule, and some identical 

determinants on different isotypes, and the polyspecificities 

of the corresponding alloantisera are all common features 

shared by the two groups of serum proteins. In comparison, 

study of the antigenicities of C4A and C4B has the advantage of 

a manageable complexity.

The high immunogenicity of a protein region would suggest 

that this region is exposed or readily accessible for antibody- 

antigen interaction (Novotny et al., 1987). This infers that 

the C4d region may be located on the surface of the C4 

molecule. A characteristic antigenic site of a protein probably 

spans about 6 amino acid residues (Kabat, 197o; Schechter, 

1971), and they can be continuous (sequential) or discontinous 

(conformational) in nature (Benjamin et al., 1984; Van 

Regenmortel, 1987). Therefore, the proposed locations for Rg/Ch 

determinants stand for stretch(es) of amino acids at which the 

polymorphic residue(s) are located. The proposed conformational 

epitopes Ch2 and Ch3 would infer that G 1054 and LSPVIH 1101- 

6 are reasonably proximal to each other, and so is S 1157 and 

ADLR 1188-91 . As already noted, the C4A isotypic residues 

appear non-imraunogenic. This might be the result of the unique, 

and probably very rigid structure formed by a cysteine and two 

proline residues. It was suggested that the C4A-isotypic 

residues cause the retardation of the alpha chain mobility 

(therefore, larger apparent mol. wt.) in modified SDS-PAGE 

(Roos et al., 1982; Chan and Atkinson, 1985). It is unclear why 

a parallel conformational epitope has not been formed between

(26



N 1157 and VDLL 1188-91, although a novel determinant that 

requires Ch6 (i.e. S 1157) and Rgl (i.e. VDLL 1188-91) in cis 

configuration has been described (Giles and Jones, 1987). The 

presence of this 'mixed' epitope offers considerable support, 

at least conceptually, to the proposed model.

A monoclonal antibody which can distinguish between Ch1 

and Rgl has been described (Dodds et al., 1986; Giles and 

Ford, 1986). These antibodies have proved useful in the 

separation of many C4A and C4B allotypes (Dodds et al., 1985, 

1986).

Using a C4d-specific probe for Southern blot analysis, the 

presence of DNA sequence determining the expression of Rgl / 

Ch1 epitopes and the C4A/C4B isotypic residues can be 

detected, respectively, by the EcoO 109 and Nla IV restriction 

fragment length polymorphisms (RFLPs) ( Chapter 6; Yu and 

Campbell, 1987). The application of these definitive RFLPs 

enabled the studies of C4 genetics at DNA level that has proved 

useful in elucidation of the molecular basis of the C4 null 

alleles. It is also possible to distinguish between the Rg2 

and Ch6 epitope at the genomic level by the Alu I RFLP at the 

corresponding position, if a recently available FCM agarose is 

used to separate the low mol. wt. DNA. The DNA sequence 

determining the Ch5 epitope cannot be recognized by a known 

restriction enzyme. However, its presence can be characterised 

by a specific oligonucleotide probe or by direct nucleotide 

sequencing. Application of these recombinant DNA techniques 

would be helpful in the typing of C4 that is importmant in the 

studies of the HLA genetics.



5.5 Summary

Serological typing by haemagglutination inhibition test 

has defined two Eg and six Ch antigenic determinants which are 

located in the C4d fragments of the fourth complement 

components C4A and C4B. Analysis of the sequence data at C4d 

among many cloned C4 genes from both isotypes (of which some 

have been Serologically and biochemically characterised) has 

enabled the construction of a model for the exact locations and 

interrelationships of the C4A and C4B isotypic residues, and 

the Rg and Ch determinants. It is suggested that the eight 

amino acid sustitutions located at four regions of the C4d 

domain in the C4B constitutes the Ch 1, 4, 5, and 6 

determinants which are probably continuous (or sequential) 

epitopes; and that these four regions also constitute two 

discontinuous (or conformational) epitopes, Ch2 and Ch3. The 

locations of the Rgl and Rg2 epitopes were deduced from the 

serological observation that on the C4 molecule, Rgl and Rg2 

appear mutually exclusive to Ch 1 and Ch6, respectively. The 

model gives explanation to the complex relationships among the 

C4A and C4B allotypes and the Eg and Ch antigens. No violation 

to the model has yet been found.

12$



CHAPTER SIX

DEFINITIVE RFLPS TO DISTINGUISH BETWEEN THE HUMAN COMPLEMENT 

C4A/C4B ISQTYPES AND THE MAJOR RODGERS/CHIDQ DETERMINANTS: 

APPLICATION TO THE STUDY OF C4 NULL ALLELES

6. 1 Introduction

The structural basis for the difference between the two 

isotypes of human C4, C4A and C4B, has been clarified 

recently. Four isotypic residues have been found between these 

two highly homologous but polymorphic molecules, each consists 

of 1745 amino acids (mol. wt. ~200,000). At position 1101-6 of 

the pro-C4 molecule, C4A can be defined by the presence of the 

sequence PCPVLD, and C4B by the presence of the sequence LSPVIH, 

respectively (Yu et al., 1986; Belt et al., 1984; 1985). These 

four isotypic residues are probably the origin of the different 

mobilities of the £ chains of C4A and C4B on SDS-PAGE a(C4A- 

cC 96,000 Mr; C4B-oC94,000 Mr; Roos et al., 1982), and is the 

basis for their differential chemical reactivities, for example, 

haemolytic activity and covalent binding affinities to peptide 

and carbohydrate antigens (see Porter, 1985, for a review). The 

four isotypic amino acid differences are caused by 5-nucleotide 

changes within seventeen nucleotides of DNA that appears as a 

entire block alteration. No other combination of change at this 

region has been found (chapter 4, Yu et al., 1986).

The Rodgers (Rg) and the Chido (Ch) blood group antigens 

were shown to correlate with the C4d fragments of C4A and C4B, 

respectively (O'Neill et al., 1978a; Tilley et al., 1978; 

Lundwall et al., 1982). However, reversed associations of Rg



with C4B (e.g. C4B 5) and Ch with C4A (e.g. C4A 1) have been 

found (Rittner et al., 1984; Roos et al., 1984). Two Rg and 

six Ch antigenic determinants have been defined and the major 

determinants of are Rgl and Chl (Giles et al., 1984; Giles, 

1987). Molecular cloning and DNA sequencing of the C4d 

polymorphic regions of the genes encoding C4A 1 and C4B 5 have 

enabled the location of the Rgl and Chl determinants to position 

1188-91 of the C4 molecules. The expression of the Rgl epitope 

is determined by the sequence VDLL, and Chl by the sequence ADLR 

at that location. These variations in amino acid sequence are 

the results of 4 nucleotide changes within sixteen nucleotides of 

DNA, which, similar to those for the isotypic residues is the 

result of an entire block alteration.

An unusual phenomenon in the genetic of human C4 is the 

exceptionally high frequency of silent or null alleles, C4 QO 

(quantity zero_), at either locus (frequency: C4A QO ~5-15%, 

C4B QO ~10-20%, Schendel et al., 1984; Tokunaga et al., 1985; 

Partansen and Koskimies, 1986). A null allele is defined as 

the absence of C4A or C4B protein in the serum (O'Neill et 

al., 1978b; Awdeh and Alper, 1980). Carroll and co-workers 

(Carroll et al., 1985a,b; 1986; Schneider et al., 1986) have 

shown that a proportion (~60% in their recent study) of the C4 

haplotypes carrying null alleles are due to deletion of the C4 

genes, usually together with their flanking 21-hydroxylase 

genes. However, the basis for the non-deleted C4 QO alleles 

remain unsolved. In a recent study the Taq 1 polymorphisms at 

the 5 1 region have been used to provide genetic markers for 

various C4 genes, i.e. C4A, C4B-long, C4B-short, and the C4B- 

short gene in association with the complotype SC01 (Schneider et



al., 1986), although the region determining the isotypicity of C4 

lies closer to the 3' end of the C4 gene. The variation of the C4 

gene size (i.e. C4-long, C4-short) is due to the absence of a 

6-7 kb intron in some of the C4 (or C4B) genes (Carroll et al., 

1985a; Yu et al., 1986).

In the present study, definitive RFLPs representing the 

exact locations corresponding to the C4A/C4B isotypic changes 

and to the Rgl/Chl antigenic determinants have been designed. 

This newly developed method is used to examine the structural 

basis of C4 QO alleles, particularly the 'non-deleted 1 or 

'unexpressed' null alleles. The Taq 1 polymorphisms at the 5 1 

end of C4 have also been included in this study and it appears 

that the polymorphism represents the nature of the two C4 loci 

instead of C4A/C4B genes, although they are generally 

correlated. It has been shown that the C4B QO allele of the HLA 

haplotype B44 DR6 C4A 3; C4B QO is not a C4B gene by definition, 

but very probably another C4A 3 allele at the second C4 locus of 

the same chromosome. It has been found that individuals carrying 

null alleles and some rare alleles of C4 are more susceptible to 

many HLA- associated disease (for a review see Hauptmann et al., 

1986) such as systemic lupus erythematosus (Fielder et al., 1983; 

Reveille et al., 1985), Graves disease, and insulin depending 

diabetes mellitus (Partanen et al., 1986; Skanes et al., 1985b). 

Whether these diseases are caused by different efficiencies of 

the polymorphic C4 allotypes in the complement activation pathway 

(Porter, 1983), by deficient C4A or C4B protein itself, or by 

some other malfunctional (or susceptibility) genes in linkage 

disequilibrium with C4 null or rare alleles is yet to be



determined. The definitive RFLPs for C4A/C4B and Rgl/Chl shown 

here, together with the application of the locus specific 5* Taq 

I polymorphism of C4, may help to clarify the situation.

6.2 Result

6.2.1 C4A/C4B isotypicity - Nla IV polymorphism

C4A and C4B can be defined by four isotypic amino acid 

differences at position 1101-6, i.e. PCPVLD for C4A and LSPVIH 

for C4B. These class specific residues 5-nucleotide changes 

within stretch of seventeen nucleotides that is due to an 

entire block alteration. The C to T transition that attribute 

to the Pro/Leu difference between C4A and C4B generates an 

additional Nla IV site in the C4A, and extra Mnl I site in 

C4B, respectively. If the C4d genomic probe, PB , is used for 

Southern blot analysis, C4A can be characterised by the 

presence of the 276 bp and 191 bp Nla IV or the 146 bp Hn1 I 

restriction fragments, while C4B can be characterised by the 

presence of the 467 bp Nla IV or the 76 bp and 70 bp Mnl I 

fragments (Fig. 6.1). The very small Mnl I fragments are 

technically difficult to be detected by conventional method. 

Definitive identification of C4A and C4B by the Nla IV 

polymorphism is illustrated in Fig 6.1c. as shown in lanes 3 

and 5, Mr. D (C4A 3; C4B QO/C4A 3; C4B QO) and his son A.D 

(C4A 1; C4B QO / C4A 3; C4B QO) possess only the C4A-specific 276 

bp and 191 Nla IV fragments, while JM (C4A 4; C4B 5/ C4A 3; 

C4B QO, lane 2), Mrs D (C4A 3; C4B 3/C4A 3; C4B QO, lane 4), and 

the hepatoma cell line Hep G2 (lane 1) possess the C4B-specific 

467 bp Nla IV fragment, in addition to the C4A-specific 276 bp
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Legend to Figure 6.1

Nla IV polymorphism for C4A/C4B isotypic determinants

(a) Comparison of Nla IV restriction maps between C4A and C4B at the 

C4d region. Restriction sites were based on the genomic DNA 

sequence of a C4A 3 gene and a C4B 3 gene (Yu et al., 1986; Yu, 

C,Y. unpublished). Size of the polymorphic fragments are marked. 

PB = genomic C4d specific probe used for hybridisation.

(b) DNA and derived amino acid sequences at the C4 isotypic region. 

Isotypic amino acid residues are circled; the 5-nucleotide block 

alternations in the seventeen nucleotide block are marked by 

asterisks. Recognition sites of Nla IV and Mnl I are boxed, aa 

no. = amino acid number according to the pro-C4 molecule.

(c) Genomic Southern blot analysis of the Nla IV polymorphism. C4 

haplotypes of the DNA used are tabulated. A C4A gene can be 

defined by the 276bp and 191bp Nla IV fragments, and a C4B gene by 

a single 476bp Nla IV fragment, when Pg is used for hybridisation. 

ND = not determined.
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abnd 191 bp Nla IV pattern. It has also been found that the HLA 

homozygous cell lines, Ice 6 (C4A 3; C4B QO), and Mann (C4A QO; 

C4B 1) exhibit the C4A-specific and the C4B-specific Nla IV 

pattern, respectively. The HLA haplotypes of the individuals and 

cell lines described above are listed in Table 6.1.

6.2.2 Rgl and the Chl antigenicity - EcoO 109 polymorphism

Structural data from the variants C4A 1 and C4B 5 and 

many other allotypes suggested that the major C4 antigenic 

determinants Rgl and Chl are determined by the sequence VDLL 

or ADLR, respectively, at position 1188-91 (Yu et al., 1986). 

The two dissimilar amino acids are caused by four nucleotides, 

which again appears as an entire block alteration, and no 

exception to this has been found (Fig 6.2a, b). The first of 

these nucleotide changes, a G to C transversion at codon 1186, 

generates an extra EcoO 109 restriction site that can be used an 

an diagnostic marker for the three other succeeding mutations 

involved in the expression of the Rgl or Chl antigenic 

determinants. When the same C4d specific genomic probe, PE., is 

used for Southern blot analysis, the C4 gene expressing Rgl can 

be characterised by a 565 bp EcoO 109 fragment, while a Chl 

expressing C4 gene can be characterised by a 458 bp EcoO 109 

fragment. As shown in Fig. 6.2, only the Rgl specific 565 bp 

EcoO 109 fragment is seen in the individual JM (serologically 

typed Rgl, Chl, lane 4). On the other hand, both the Rgl 

specific 565 bp EcoO 109 and the Chl specific 458 bp EcoO 109 

fragments are found in Mrs. D (lane 6), AD (lane 1) and Mann 

(lane 2) were tested, the Rgl-specific pattern is found in Ice 6 

and the Chl-specific pattern is found in Mann, suggesting that

'33



Legend to Figure 6.2

EcoO 109 polymorphism for Rgl/Chl antigenic determinants

(a) Comparison of EcoO 109 restriction map between a Rgl-expressing C4A 

and a Chl-expressing C4B gene at the C4d region. Size of the EcoO 

109 fragments picked up by PB are marked.

(b) DNA and derived amino acid sequences at the Rgl/Chl determining

region. Amino acid residues for Rgl/Chl antigenic determinants are 

circled. The 4-nucleotide alterations in the sixteen nucleotide 

block responsible for Rgl/Chl expression are marked by asterisks. 

The recognition site of EcoO 109 is boxed.

(c) Genomic Southern blot analysis of the EcoO 109 polymorphism.

Rgl/Chl phenotypes of the cell lines/individuals from whom DNA was 

digested are tabulated. Derived phenotypes are enclosed by brac­ 

kets. A Rgl-expressing C4 gene can be defined by a 565 bp frag­ 

ment, and a Chl-expressing C4 gene by a 458bp fragment, when PB is 

used for hybridisation. Abbreviation and symbols used are the same 

as Fig.6-1.
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these two cell-lines possess the Rgl- and Ch1- expressing C4 

genes, respectively.

Besides being recognised by the restriction enzyme 

EcoO 109, the same transversional mutation at codon 1186 can be 

distinguished by Nar I (Yu et al., 1986) and Ban I. However, 

genomic DNA at the region is resistant to Nar I digestion, while 

the polymorphic restriction fragments generated by a Ban I digest 

cannot be as well-separated on agarose gels as the EcoO 109 

digest.

6.2.3 Applications: studies on the C4 null alleles

Schneider and coworkers ( 1986) have analysed the Taq I 

polymorphism of 126 MHC haplotypes of the human C4, 21- 

hydroxylase gene complex. For the case of C4, it was 

suggested that the 7.0 kb, 6.0 kb, 5.4 kb and 6.4 kb Taq I 

fragments detected by the 5' C4 cDNA probe (i.e. P A ) 

correspond to the long C4A, long C4B, short C4B, and short C4B 

genes with a deleted C4A QO allele of the SC01 complotype, 

respectively. However, the correlation of the 7.0 kb and the 

6.0 kb Taq I fragments with C4A (long) and C4B (long) genes, 

respectively, seems not absolute, as revealed by the combined 

analysis of the Taq I polymorphism, and the Nla IV and EcoO 109 

definitive RFLP studies already described on the two cell-lines 

and three members of a family (Q).

As shown in Fig. 6.3 (lane 2), only the 'C4A-like' 7.0 kb 

Taq I fragment can be detected from the cell line Mann (C4A QO, 

C4B 1, homozygous). The Nla IV and EcoO 109 restriction patterns 

have already suggested that this cell line possesses only the C4B
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Legend to Figure 6.3

Tag I polymorphism of the C4 gene loci and 21-hydroxylase genes

The 5' specific C4 cDNA probe, P., and the 3' specific 21-hydroxy­ 

lase genomic probe, were used to analyse C4 gene loci and 21-hydroxylase 

genes A and B, respectively. C4 gene locus I is normally flanked by a 

7.0kb 5 1 Taq I fragment and a 3.2kb 21-hydroxylase A3 1 Taq I fragment, 

while the C4 gene locus II by the corresponding 6.0/5.4kb 5' fragment 

and 3.7kb 21-hydroxylase B 3' fragment. Notice (1) the C4B 1 gene of 

Mann (lane 2) is flanked by the locus 1 specific 7.0kb Taq I fragment; 

and (2) Mr. D (lane 4) and AD (lane 6), both with silent C4B QO alleles, 

possess the C4 locus II specific 6.0kb Taq I fragment, with band inten­ 

sity about one half of the locus I specific 7.0kb Taq I fragment. See 

the neighbouring table and text for further description. 210H, 21- 

hydroxylase.
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and Ch 1-expressing gene. Further analysis using a human 21- 

hydroxylase genomic probe reveals that only the 21-hydroxylase B 

gene is present in the genome (as shown by the 3.7 kb Taq I 

fragment). Thus the C4B 1 gene of this particular haplotype may 

be a recombinant formed by the fusion of the 5' end of the first 

C4 locus to the 3' end of the second C4 locus (Carroll et al., 

1985c). This anomolous association of a 7.0 kb Taq I fragment 

with C4B was also noted in one case by Schneider et al., (1986).

Phenotyping of the members of the family Q shows that no 

C4B protein could be detected in AD and his father, Mr. D, and 

therefore they were assigned homozygous C4B QO (Table 6.1). 

Southern blot analysis of the genomic DNA from these 

individuals showed that both the C4A-related 7.0 kb Taq I 

fragment and the C4B-related 6.0 kb Taq I fragments can be 

detected, but all with a ratio of 2:1 in band intensity. This 

would suggest that one of the C4B QO alleles at the C4B locus is 

deleted and the other is present but 'unexpressed'.

Definitive RFLP analyses for C4A/C4B isotypes and for 

Rgl/Chl expressing C4 genes on these individuals were carried 

out. For Mr. D., neither C4B nor a Ch 1-expressing gene can be 

detected (Fig. 6.1, lane 3; Fig. 6.2, lane 5). For AD, no C4B- 

specific 467 bp Nla IV fragment was observed (Fig. 6.1, lane 3), 

and the ratio of the band intensity of the Kgl- to Chl-specific 

EcoO 109 fragment is about 2:1 (Fig. 6.2, lane 7). Since the Chl- 

specific EcoO 109 fragment corresponds to the presence of the 

C4A 1 gene in his genome, these altogether infer that the 

putative 'unexpressed' C4B QO allele of the HLA haplotype B44 DR6 

is non-existing, although the second C4 locus is present, as



judged by the presence of the 7.0 kb and 6.0 kb Taq I fragment. 

This second C4 locus may express the C4A 3 allotype, identical to 

that of the first C4 locus on the same chromosome. Molecular 

cloning, restriction analyses and DNA sequencing of the C4 genes 

isolated from the AD genomic library is in favour of this 

suggestion (Yu et al., 1986; C.Y. Yu and others, in 

preparation).

The genuine non-expressed C4 null allele, which should 

possess the C4A or C4B specific Nla IV band pattern, but uith 

the corresponding protein undetected, is yet to be established.

6.3 Discussion

6.3.1 RFLPs of human C4

RFLPs representing the exact locations of the nucleotide 

changes responsible for the human C4A/C4B isotypic differences 

and the Rgl/Chl antigenic determinants are described here. A 

C4d specific, 927 bp BamH I genomic probe (Ps ) uhich includes 

sequence encoding the isotypic and Rg/Ch antigenic determinants, 

has been used for Southern blot analysis. A C4A gene is 

recognised by the 267 bp and the 191 bp Nla IV fragments and a 

C4B gene by a single 467 bp Nla IV fragment. In addition, the 

Rgl-expressing C4 gene will give a 565 bp EcoO 109 fragment, 

while a Ch1-expressing C4 gene gives a 458 bp EcoO 109 fragment. 

All these polymorphic restriction fragments can be unambiguously 

detected by means of electrophoresis on 1.5% agarose gel and the 

application of nylon membranes for the Southern blotting process. 

I anticipate this technique to be widely applied for the study of 

human C4 polymorphism in parallel with the well-established



methods at the protein level such as the 0C chain typing (Roos et 

al., 1982), serological typing for Rg/Ch antigens (Giles, 1985b; 

1987), and the recently improved phenotyping of C4 using 

carboxypeptidase B treated plasma and immunofixation agarose gel 

electrophoresis (Sim and Cross, 1986; Mauff et al., 1983a.Awdeh 

and Alper, 1980). The method described here is efficient and 

convenient. It may give further definite information on whether 

the C4A/C4B gene of interest is present in the genome in spite of 

its nature (i.e. no matter whether it is functional or non­ 

functional). It may also enable a rough estimation of the ration 

of different C4 genes present, although this has to be 

interpreted carefully. This is because the polymorphic 

restriction fragments are smaller than the probe (P B ) and the 

larger restriction fragments may bind to the probe more 

effectively than the smaller ones.

A summary of the diagnostic RFLPs for the human C4 genes 

is given in Table 6.2. As illustrated in this study, a 

combined genomic Southern analysis of the Taq I polymorphism 

(using the 5' cDNA probe P A ), and the Nla IV and EcoO 109 

polymorphic pattern can give answers to the nature and 

characteristics of the two C4 gene loci such as the presence 

of the 6-7 kb intron, C4A or C4B, Rgl- or Chl- expressing, and 

their relative gene dosages.
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6.3.2 C4 QO alleles

Genomic Southern analysis of the family Q for the Taq I, 

Nla IV and EcoO 109 RFLPs, together with the molecular cloning 

and DNA sequencing of the C4 genes from AD, suggest that the 

'C4B-like' gene of the HLA haplotype B44 DR6 is more likely to 

be a gene encoding the identical isotype and allotype as its 

neighbouring locus, C4A 3, than the putative, silent, C4B QO. 

In this case, the C4 haplotype is probably C4A 3; C4A 3 rather 

than C4A 3; C4B QO. This is the first direct structural 

indication that the two C4 gene loci can encode identical 

allotypes, although the similar case for the same C4 isotype 

(e.g. HLA B35 DK1 C4A 3 C4A 2) has been well-documented (Fielder 

et al., 1983; Rittner et al., 1984; Schendel et al., 1984; Uring- 

Lambert et al., 1984).

Thus the C4 QO phenotype seems to be a heterogeneous 

mixture which consists of three distinct components: (1) deletion 

of the corresponding C4 gene locus which usually occur together 

with a 21-hydroxylase gene (Carroll et al., 1985a, b; 1986); (2) 

non-expression of a defective C4 mutant gene, which is yet to be 

established; and (3) expression of identical allotypes at the two 

C4 gene loci, with the HLA haplotype B44 DR6 C4A 3; C4B QO 

probably being an example. The third one would give an 

explanation for the exceptionally high frequency of the C4 QO 

allele in the population. Obviously a portion of the null 

alleles were assigned because the two C4 gene loci are expressing 

the phenotypically indistinguishable (identical) allotypes rather 

than the deleterious mutations or deletion of the C4 genes. This 

phenomenon is redefined as homo-expression so as to distinguish



it from iso-expression that involves the expression of C4 genes 

of the same isotype but different allotype (for example, C4A 3; 

C4A 2; C4B QO) on one chromosome. The iso-expression (and homo- 

expression phenomenon uas previously described as homo- 

duplication. Schneider and coworkers (1986) estimated that for 

the C4 null alleles, a ratio of 2 to 1 is found for deleted C4 

genes to the 'unexpressed' C4 gene. The latter seems to be the 

sum of the malfunctional C4 genes and the homo-expressed C4 genes 

inferred in this study. The frequency of homo-expressing C4 

genes in the C4 QO category remains to be determined. Knowledge 

of this may be helpful in elucidating the correlation of C4 QO 

alleles in the many HLA-related diseases already described.

6.3.3 The tuo loci of human C4

It was shown that there are generally two human C4 gene 

loci (O'Neill et al., 1978b) and that these loci encoded C4A 

and C4B respectively. (O'Neill et al., 1978a; Awdeh arid 

Alper, 1980; Eoos et al., 1982; Carroll et al., 1984a, b). In 

molecular terms, except for recombinant loci such as would be 

caused by deletion, the first locus (or locus I) can be 

characterised by a 7.0 kb Taq I fragment at the 5' end of the 

gene, and by the 21-hydroxylase A gene at the 3' flanking 

region; while the second locus (or locus II) can be 

characterised by a 6.0/5.4 kb Taq I 5' fragment and the 21- 

hydroxylase B gene at the 3* flanking region (Carroll et al., 

1985c; White et al., 1985; Schneider etal., 1986; Table 6.2). 

Although generally the first locus encodes C4A and the second 

locus encodes C4B, exceptions may not be uncommon. Gene 

conversion or other recombinational events may have resulted



in the first locus expressing C4B or the second locus 

expressing C4A, as for the case of the reversed expression of 

the Rg/Ch antigenicities on the C4A 1 and C4B 5 allotypes (Yu 

et al., 1986). In this study, I have shown that the second C4 

locus of the HLA haplotype B44 DR6 does not correspond to a 

C4B gene, but is probably encoding C4A 3 instead. Thus the 

two C4 loci may encode the same isotype, or more precisely the 

same allotype, of C4. Some of the 'homo-duplicated' C4 genes, 

e.g. C4A 3; C4A 2; C4B QO or C4A 5; C4A 2; C4B QO of the HLA 

haplotype A3 Cw4 B35 DR1 (Rittner et al., 1984) may well be due 

to expression of a C4A protein at the second locus and this 

suggests that the assignment of the C4B QO allele to these 

haplotypes can be confusing.

It remains to be established whether there is ever 

expression of the C4B isotype at the first locus, although it 

is clear that a I-II recombinant locus exists, such as that of 

the Mann cell-line, which maintains the locus I-specific 7.0 kb 

Taq I 5' fragment and expresses the C4B 1 allotype (the C4B 1 

allele in this case is flanked by the locus II-specific 21- 

hydroxylase B gene at the 3' end).

6.4 Summary

Definitive restriction fragment length polyraorphism (RFLPs) 

representing the exact locations responsible for isotypicity 

between the human complement component C4A and C4B, and their 

generally associated major Rodgers (Rgl) and Chido (Chl) 

antigenic determinants, have been designed. By means of a C4d 

specific genomic probe for Southern blot analysis, a C4A gene can

AfO



be defined by the present of the 276 bp and 191 bp Nla IV 

fragments, while C4B gene can be defined by a single 467 bp Nla 

IV fragment. In addition, a Rgl-expressing C4 gene can be 

represented by a 565 bp EcoO 109 fragment, and a Ch 1-expressing 

C4 gene by a 458 bp EcoO 109 fragment, under the same conditions. 

All these polymorphic restriction fragments can be unambiguously 

and conveniently detected. In combination with the Taq I 

polymorphic patterns specific for the C4 gene loci and for the 

neighbouring 21-hydroxylase genes, the nature and structure of 

the tandem C4, 21-hydroxylase gene complex can be elucidated. In 

this study, it is inferred that the null allele of the HLA 

haplotype B44 DR6 C4A 3; C4B QO is not a C4B allele, but probably 

encodes another C4A 3 allotype at the second C4 locus.



CHAPTER SEVEN 

GENERAL CONCLUSIONS

Molecular biology techniques have made significant 

contribution to the research of the complement system. During 

the past five years, cDNA clones for more than eighteen human 

complement proteins have been obtained and characterised 

(reviewed in Reid et al., 1987; chapter 1). Through cDNA 

sequencing, the complete or partial primary structures of the 

corresponding proteins were elucidated, which provides a solid 

foundation for further biochemical studies on their structure, 

function and genetics at the DNA level. Previous biochemical 

studies revealed many unusual features of the complement 

proteins, e.g. the circulation of the active forms of serine 

proteases in the plasma (factor D and factor I); the presence 

of the serine protease catalytic domain on a chain having 

approximately double the mol. wt. of other serine proteases 

(factor B and C2); the collagen-like protein (Clq); thiolester- 

containing proteins (C3 and C4) ; and the multiple-component 

complex enzymes (C3 and C5 convertases) (reviewed in Reid and 

Porter, 1981; Lachmann and Hugh-Jones, 1984). However, recent 

studies by recombinant DNA techniques and monoclonal antibody 

technology have started to unravel the structural relationships 

of several complement proteins with proteins of other systems. 

The most elegant results are the demonstration of a short 

consensus repeat of ~ 60 amino acids in more than eight 

complement regulatory proteins, and also in the interleukin 2 

receptor, £* glycoproteinland haptoglobin (reviewed in Reid et 

al., 1986); as well as the structural homologies among C8«C , 

C8j3 , and C9, and their structural ^kinships' with the



epidermal growth factor and the low density lipoprotein 

receptor (chapter 1).

Structural homologies are most likely to have occurred as 

a result of divergent evolution from one or a few ancestral 

exons. The gene (exon-intron) structure has only been 

determined for two complement proteins, factor B (Campbell and 

Porter, 1984; Campbell et al., 1984), and the Clq B chain 

(Reid, 1985). This is partly due to a heavier work load as the 

gene sequences are generally 3-100 fold longer than their 

corresponding messenger RNAs (or cDNAs). C4 is now the third 

and the biggest (in terms of exon number) complement component 

analysed at the genomic level. The genomic DNA sequence of the 

C4A 3a gene has confirmed the published cDNA sequences (Belt et 

al., 1984), clarified some ambiguities of the cDNA sequences, 

elucidated the primary structure of the putative leader 

peptide, revealed the presence of more polymorphic sites and 

their locations in the C4 gene. It also localises the 

structural and functional aspects of the C4 protein to 

individual exons in many cases, such as the intra-cellular 

proteolytic site for the 6-oC and the <<-]( chain junctions, 

the extracellular metalloprotease cleavage site near the 

carboxyl terminus of the cC. chain, the Cls and factor I-mediated 

cleavage sites, the glycosylations, sulphations, thiolester, 

and the C4A/C4B isotypic sites. When the exon-intron 

structures of the related proteins such as C3, C5 and the 

protease inhibitor oC2 macroglobulin are also determined, 

valuable information in their evolutionary relationships may be 

obtained. The fact that the anaphylatoxin C4a, and the 

thiolester site are encoded by phase 1-1 symmetrical exons have



helped to explain the absence of these structures in 

macroglobulin and C5, respectively. It could be due to the 

deletion or insertion of the corresponding symmetrical exons at 

the genomic level that would not change the reading frames of 

the coding sequences. Since exons may delineate supersecondary 

folding structures or specific functions of the protein, the 

information of the exon-intron structure could be more useful 

if the 3-dimensional structure of the C4 molecule is 

determined, and the protein functions of C4 are further 

characterised.

Knowledge of the precise locations of the polymorphic 

sites in the C4 gene, the availability of the peripheral blood 

samples from patients whose C4 proteins were biochemically 

(Dodds et al., 1986) and serologically ( Giles, 1987) 

characterised, have led to the molecular cloning of many 

informative, rare and common C4 variants. Together these data 

have identified the C4A/C4B isotypic residues, and the Rodgers 

(Eg) and Chido (Ch) blood group antigenic determinants. The 

former offers an explanation for the differential thiolester 

binding reactivities of C4A and C4B. It infers the presence of 

a region on the C4 protein that would modulate the covalent 

binding affinities of C4, and probably in other thiolester- 

containing proteins. Further research using site directed 

mutagenesis in this region may firmly establish the role of 

these residues in the C4 molecule. The latter gives a 

satisfactory answer to the complex relationship among the 

expression of the two Rg and six Ch antigenic determinants, and 

further helps confirm the location of the amino acid residues 

determining the C4A and C4B isotypes.
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The elucidation of the isotypic residues for C4A (PCPVLD 

1101-6) and for C4B (LSPVIH 1101-6) have also enabled the 

designation of definitive RFLPs for these two genes due to 

differences in nucleotide sequences. Similarly, RFLPs 

corresponding to the major Rg/Ch antigenic determinants were 

identified. Together with other restriction digests which 

differentiated a variety of C4 and their 3' neighbouring 

210Hase genes, the concept in the genetics of the C4 loci has 

been revised. In this work (Chapter 6), it has been shown that 

the two C4 loci of the HLA haplotype B44 DR6 C4A 3 C4B QO are 

probably encoding two identical isotypes (or more specifically, 

two identical allotype, C4A 3). In other words, the C4B QO 

allele of this haplotype is not a C4B gene by definition. 

Previously there was doubt over the number and nature of the 

gene loci of C4 on the haploid genome (Mauff et al., 1983a 

although O'Neill and coworkers (197g>b) and Adweh and Alper 

(1980) rested the controversy by suggesting a C4A-C4B, two- 

locus model with a high frequency of null alleles at both loci 

( ~10-20% at each locus). This hypothesis was mainly based on 

results from agarose typing gels (see chapter 1). However it is 

difficult to resolve the amount of the various allotypic 

proteins by band intensity as each allotype is represented by 

three protein bands. Recently Carroll and coworkers (Carroll et 

al., 1985b; Schneider et al., 1986) established that a 

proportion of the C4A/C4B null alleles (~60%) is due to the 

presence of only a single C4 gene locus (the other one may be 

deleted). Thus the null alleles of C4 are actually a 

heterogeneous mixture of (1) isoexpressed or homoexpressed C4 

genes at both C4 loci, (2) presence of a single C4 locus only



on a haploid genome, or (3) the presence of a defective gene. 

As a result of this complexity, the two loci of C4, if present, 

are renamed locus I and locus II, instead of C4A and C4B. This 

will avoid confusion as either isotype of C4 may be expressed 

from either C4 locus.

In practical terms, the definitive RFLPs for C4A/C4B 

isotypes, for the Kgl/Chl determinants, and for the C4 locus I 

and locus II together may be useful in augmenting the typing 

of C4. This is because valuable information on the gene dosage 

and on the nature of the C4 gene loci can be determined through 

these RFLP studies. In parallel with the recently improved 

phenotyping method of C4 proteins on carboxypeptidase B treated 

plasma devised by Sim and Cross (1986), the genetics of human 

C4 can be investigated with greater accuracy and confidence. 

This may help to resolve the intriguing aspect of the apparent 

association of certain polymorphic forms of C4 with some HLA- 

linked diseases.

The mosaic DMA polymorphic pattern, the mixed expression 

of some Rg and Ch antigenic determinants on C4A and C4B, and 

the possible expression of C4A and C4B at either C4 loci 

altogether suggest that a gene conversion-like mechanism might 

have operated in mixing the many phenotypes of the C4 gene 

products from locus I and locus II. How this occurred is 

unknown, but further research on the mechanism for the 

variation of gene size at the second C4 locus might give some 

hints. The unusual variation in gene size is due to the 

presence of a bigger intron about 6-7 kb between exons 10 and 

11. Preliminary results revealed the presence of direct long



terminal repeats flanking this big intron, suggesting that it 

could be some retroviral-1 ike mobile element. It may be 

important to demonstrate whether it has biological activity. 

Studies on the gene structure of the 210Hase A and B genes and 

the molecular basis of congenital adrenal hyperplasia (a 

heriditary disease caused by 210Hase deficiency) have uncovered

extensive polymorphism in these genes which are just located 3' 
(.Rocirl4u.es et &\ ., »9gnr )

vj

to C4 It would be worthwhile to determine whether the

mechanism(s) attributing to the polymorphisms of the C4 and 

210Hase genes are linked.

Thus although no obvious functional correlation and 

similarities among C4 and the MHC class I and class II products 

have been discovered, the sophistication of the C4 gene and 

protein structures and those of the classes I and II is 

approaching uniformity. Firstly, the genomic organisation of 

C4 is complex by varying the number of locus from one to three 

or even more (Yu, C.Y. and Dodds, A., unpublished observations) 

in the haploid genome. Secondly, most individuals contain more 

than one C4 locus and they express proteins with differential 

chemical reactivities, or they express proteins with variable 

Rg/Ch antigenic determinants. Thirdly, there is a collection 

of C4 alleles for each C4 locus. This complexity in gene 

number, diversity in gene products and polymorphism in 

allotypes are major characteristics of the MHC class I and II 

molecules (Steinmetz, 1984). C4 has further degrees of 

variation: heterogeneity in gene size at the same locus, and 

the production of many forms of post-translat ional ly processed 

proteins in the plasma.

'4*7



Kecombinant DNA techniques have been applied to help 

elucidation of protein structure (and function) and they are 

extremely useful. However, this is only one of the approaches 

to study the molecule and the fundamental aspects on the 

biological roles of a protein cannot be neglected. Further 

advances on the knowledge of complement C4 (and other 

complement proteins) will require studies on the protein 

molecule itself, and on the functional roles it play in the 

body's defence system.
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Appendix I

Genomic DNA and derived amino acid sequences of the C4A 3 gene

from Cos 3A3

The DMA sequence of the C4A gene was determined as described 

in Chapter 3. The exon-intron structure was deduced by 

comparing the genomic DNA sequence of C4 with published C4 

cDNA sequences (Belt et al., 1984). Numbering of amino acids 

is after Belt et al., (1984). The extra amino acids detected 

by genomic DNA sequences are denoted by +. Numbering of the 

nucleotides are defined by (A) the position of the major 

transcriptional start site (marked by asterisk) as nucleotide 

Al, which applies to the sequence 5' to 6-7 kb intron; and 

(B) the first nucleotide of the recognitionsite site of the 

restriction enzyme Stu I located 5* to exon 11, as nucleotide 

Bl, which applies to the DNA sequence 3* to 6-7 kb intron. The 

C4 gene contains 42 exons and they altogether encodes 1745 

amino acid residues. The thiolester site (overlined) is 

encoded by exon 25. The residues determining the C4A/C4B 

isotypicity and the Rg/Ch antigenic determinants are marked by 

dots over the amino acid sequences. The transcriptional 

enhancer core consensus is underlined. The poly-A signal is 

marked by dots over the nucleotide sequence. The poly-A site 

is marked by an asterisk.



	A
7CC777A777AC767eAC67676777««67SCC77«T77A76GG67AGA6«76AAG7C76 -541

A6CTTTGCCTCATTCAGAGAGGAAAGGGGTCAGGGGTTCACTCTGACGTTCAGGCCATTC -481

7CCC7C67GGA«7667eA66e7G7ACC7AA7C7CC7AAACCACeGAA777C7G77A«6eC -421

CTAAAAAA«CAAAAGCCTAOTATA«TTCAATTTOTGTT60AA7GAAA07AA«AGACAAGT -361

6TCTTA6AA6CCT6TCATT«TTTTOT«A«««CCTTTAAATATCCTOTACTC«TGG6CCAT -301

GTTeGGCCCTT6TACOCCCAOOTATACATGA«CTTGT6T6CACCTATACCCTGATACAOA -241.

TA7ACC7««7A««6««ACC76CTCA«GCAC76CAA7«AGA6GA677AAC660GAAGGACA -181

e06TTATTTCT«MCCAA6ATTCAGAOTTTCCCATGGACACCCA60T6TCCGGGOTGCCC -121

 nh«nc*r COP* 
CCACAACTCTGOGCCTOAaOCCAGTTGCACTTCTTOOCTGTCACGTGOTTTCCCAOCTTA -61

CAP  !!  t 
GCTGGGCTGGGGGAGGAGCAAGGTCCAGAGTCAACTCTGCCCCGAGGCCTAGCTTGGCCA 1

(EXON 1) .]9
* ti R L

6AAGSTA6CAGACA6ACAGAC6GATCTAACCTCTCTTG6ATCCTCCA6CCAT6AG6CT6C 61

1 3
LWGllWASSFFTLSLOKPft 
TCT6G6G«CT6ATCTGG6CATCCA6CTTCTTCACCTTATCTCT6CA6AA6CCCA6GTCCT 121

GGAGGCGGGATGCTGGGTGCTTGGATTGGGGCAGGGCTG6CATCGGGACCCGATTCAGGA 161 

6TGAee«A6A6CA6666TG6AGGT6TCAGA«CGAA6TCTGACTGCTGATCCT6TCT6TTC 241

4 (EXON 2)
LLLFSPSVVHLGVPLSV 

TCCeCAGGTT«CTCTTGTTCTCTCCTTCT«T6GTTCATCTGGGGGTCCCCCTATC6GTGG 301

«VQLODVPR«OVVK6SVFLR 
GGGTGCAGCTCCAGGATGTGCCCCGAGGACA«aTAGTGAAAGGATCAGTGTTCCTGAGAA 361

HPSRHHVPCSPKVDFTLSSE 
ACCCATCTCGTAATAATGTCCCCTGCTCCCCAAAGGTGGACTTCACCCTTAGCTCAGAAA 421

69
ROFALLSLO 
GAGACTTCGCACTCCTCAGTCTCCftGGTAACCAGACCCCATGCCCTCCTGCTGCTTGTTG 461

GGGGCCTCCTGCCCTGTTCCCATCTGATCTTGTAftGTCGTCATCATCTOCCCACTGGCCT S41

CCTCCCCTCCT6TCTTCCCACCCTGGCATTCTCCTTCCACGTTTCTCCCTTGGTCTCT6T 601

CCTTTTTGGTCAGCTGTCTCTTGCTCTGTGACCCGCTCCCTCTCCCTCTCCCTCTCCTGA 661

70 (EXON 3)
VPLKDAKSC6LHOLLRGPE 

CAGGTGCCCTTGflAAGATGCGAflGAGCTGTGOCCTCCATCAACTCCTCAGAGGCCCTGflG 721

VOLVAHSPWLKDSLSRTTNI 
GTCCAGCTGGTGGCCCATTCGCCATGGCTAAAGGACTCTCTGTCCAGflACGACAAftCATC 781

OGINLLFSSRRGHLFLQTOO 
CAGGGTATCAACCTGCTCTTCTCCTCTC6CC6GGGGCACCTCTTTTTGCAGACGGACCAG 641

136
P I Y H P G 0 R 

CCCATTTACAACCCT66CCA6C6666T6A6TCTCA6CCCCAGGGCCTCAACCTTTAACCC 901

CCTCCGAGCCCTCTCAOGATGAGTTTGGTGCCCCCTAAGTGAGATAACCTGAAAGAAAGT 961 

6CCACACA6AA«G66T6CT7AG6AAACATTTGTCCCCTGCTCCCTC76TGGAGTTTGACC 1021

137
V R 

CACCCTCCCCT7GCACA76GACCCCTGCTCACCTCTCTCCTCC7CCACTCCCA6TTCGGT 1081

YRVFALDBKHRPSTD717VH 
ACCGGGTC7T7GC7CTGGATCAGAAGA76CGCCCGAGCAC70ACACCATCACAGTCATGG 1141

160

TGGAGG7GAGTCCCCGACC7CTG6CCTTCCTGA7CC76GCCAC76A7G7GACCTC7GCC7 1201



161 (EXOH 5)
NSH6LRVRKKEV 

GTGAGCTACTTCTCCCCTTGCAGAACTCTCACGGCCTCCGCGTQCGGAA6AAGGAGGTGT 1261

190
VMPSSIFOOOFVIPDISE 
ACATGCCCTCeTCCATCTTCCAGGAT6ACTTTGTGATCCCAGACATCTCAeA6T8A6CGC 1321

TCCCAATGTG4GGGCTGCCCCCAAGCTACACCACCCCAATTCCTGTTAGGCTCTCCACCT 1381

CCCACACA6AG6CAC6TCCCCAGATGCCCTGACCCTCAGCCTCCTOA66CCTCT6GTTAA 1441

CCCCCACA6TCCTCTTCCCAGGGAAGCAGGCTOCCTGGCTCTCCGT6CCCCACTGTACAG 1501

191 (EXON 6) 196 
P G T W K I 

ATGGGCTGAGCCCCTTCCTTGTCCATTCTCAG6CCA6G6ACCTGGAAGATCGTCAGAGGA 1561

CGGAAGGCATTGCGCACTGCGGACGATTAATGGTGATTTTTGCGATACCGTCGGTGGATT 1621 

TTTCATAACGAATGTCCTCGAAACCTTCG6AGCAGTCGTGCCATTCAACCGGTGCGTAAA 1681

» 197
I S A 

GCATTGCTTCATCAGGATAAATCATATTGTGTCCTTTAGTCAGAAAC6CAAGATCTCAGC 1741

(EXON 7) 217 
RFSDGLESNSSTQFEVKKY 

CCGATTCTCAGATGGCCTGGAATCCAACAGCAGCACCCAGTTTGAGGTGAAGAAATATGG 1801

TGAGAGCTGGAAACTGGAGGGACAGGCAGCTGCTTTCCTGAAGGAAATAAGGGTGGAAGG 1861 

AGA6GTACTGGGA6CAGCTCAG6GCA6GGAGATATG6GTGCCACAGCCCTeAGCA6AGGG 1921

218 (EXOH 8) 
V L P M 

GAGTCTTTGAGCTGGAGTCTGACCT6CCTATCCCTTCACCCTGGGTCAGTCCTTCCCAAC 1981

FEVK1TP6KPYILTVP6HLD 
TTTGAGGTGAAGATCACCCCTGGAAAGCCCTACATCCTGACGGTGCCAGGCCATCTTGAT 2041

250
EMOLDI8AR 
6AAATGCAGTTA6ACATCCAG6CCAAGTAATACCTCCCTCCCCACCTCT6CCCACCA6CA 2101

CC6GGTCCTGCTCCCTACTCA6TATGAATGGGCTCCTGCTTCCCTGCCCTCGGGCCATTA 2161

251 (EXON 9)
Y I Y G K 

TTCCCCCCAGCCCTTGGCCCACCCTCTTCTCTCTGCCACGACAGGTACATCTATGGGAAS 2221

PVOGVAVVRFGLLOEOGKKT 
CCAGTGCAOGG6GT6GCATATGTGCGCTTT6G6CTCCTAGAT6A6GAT66TAAGAAGACT 2281

285
FFRGLES8TK 
TTCTTTC6666GCTG6AGAGTCA6ACCAA66TA««AA6GA6AATA6666CT6GG6A6G66 2341

AAG6GGCAA6GGAGGTCAGGT6GGAGACTCAGTCTCACCCTATGTCCT6TTTCTTTCTAT 2401

286 (EXON 10)
LVN6QSHISLSKAEFODA 

GCCCCAGCTGGTGAATGGACAGAGCCACATTTCCCTCTCAAAGGCAGAGTTCCAGGACGC 2461

LEKLNMG ITOLQ6LRLYVAA 
CCTG6AGAAGCTGAATATGGGCATTACTGACCTCCAGGGGCTGC6CCTCTACGTT6CTGC 2521

329
A I I E Y P G "7kb INTRON 

AGCCATCATT6A6TATCCA66TGG6T6ACTTTCCCTTATT6TAACCCCAGACCCTTGCCT 2581

(8)

~7kb INTRON 
A«GCCTCTTGTGeCTTTCCACAACTTATT6TCCCATATTTTTAT«8CCA6TTTATACA86 60

CACCCCACAAGTCCTTTTCCCAACACAGACA6GAATACGGCA6CCTGT6CCCTGS6AGCT 120 

CACTGTCTT6TG66AG6«AACCACTCAA6CCACTCCCCACTTGTCCTCCT«TCCCTCTCT 180

330 (EXOH 11)
6 G E n E E 

TCTTGGOCTCTGTCCCCCACCTCTCTCTGTCCTTTGTCTTGCACGTGGGGfMATGGAGSA 240

AEITSWYFVSSPFSIDLSKT 
GGCAGAGCTCACATCCTGGTATTTTGTGTCATCTCCCTTCTCCTT66ATCTTA6CAAGAC 300

369
KRHLVPGAPFLL8 

CAAGCGACACCTTGTGCCTGGGGCCCCCTTCCT6CTGCAGGTTTCTTCCAGAGGG6AA66 360

ATGAGTAGGGAGGAT6TGGTAGTTAGGAGGGCTCAGG6TCTQACCACTCTCTTTTGCCT8 420



370 (EXON 12)
ALVREMSGSPAS6 1 

CCCTCCTTTACCTGCCTAGGCCTTG6TCCGTGAGATGTCAGGCTCCCCAGCTTCT6GCAT 480

PVKVSATVSSPGSVPEVQDI 
TCCTGTCAAAGTTTCTGCCACGGTGTCTTCTCCTGGGTCTGTTCCTGAAGTCCAG6ACAT 540

OONTDGSGBVSIP1 I IPQTI 
TCA6CAAAACACAGACGGGAGC6GCCAAGTCAGCATTCCAATAATTATCCCTCA8ACCAT 600

430
S E L 0 L S 

CTCAGAGCT6CAGCTCTCAGTA6GACTCCTCGGACCCCTGGGA6ATG6T6G6G6AA6G66 660

A66AGGGTGAGCTGGGGTCCCAAGGATCCATGGCCTGACTTQGGGGGAAGGT6GG6TACT 720

429 (EXON 13)
V S A G S 

T6GCTCTGAGCTACTACCCTATTCGCACCTGACCCCCTCTCCAGGTATCT6CAGGCTCCC 780

PHPAIARLTVAAPPSGGPGF 
CACATCCAGCGATAGCCAGGCTCACTGTGGCAGCCCCACCTTCAGGAGGCCCCG6GTTTC 840

LS1ERPDSRPPRVGDTLNLN 
TGTCTATTGAGCGGCCGGATTCTCGACCTCCTCGTGTTGGGGACACTCTGAACCTGAACT 900

489
LRAVGS6ATFSHYYYM 
T6CGA6CC6T6GGCAGTGG66CCACCTTTTCTCATTACTACTACATGGT6T6CAT6AGCT 960

GGGGAGTCAC6GA6GGCTGGGGTGCAGGGAAGAGCCCTCTGOGTGGGGCT6GGOGG6TTC 1020 

AAG6CTGA6GCTGTCCCAT6AA6A66CAACCACTCTT6TCCCTCCCATTCTTGGCCCAGA 1080

490 (EXON 14)
1LSR68IVPHNREPKRTLTS 
TCCTATCCCGAGGGCAGATCGTGTTCATGAATCGAGAGCCCAAGAGGACCCTGACCTCGG 1140

VSVFVDHMLAPSFYFVAFYY 
TCTC6GTOTTT6TG6ACCATCACCT6GCACCCTCCTTCTACTTTGT6GCCTTCTACTACC 1200

HGOHPVANSLRVDV8A6ACE 
ATGGA6ACCACCCAGT6GCCAACTCCCT6C6AGTGGATGTCCAGGCTG6GGCCTGCGAGG 1260

551 
G K 
GCAA6GT6ACC66G6TCA6GAGA6AT6GCACTT6TGCCGAAG666GTT6A6GACA6GGT6 1320

ATT6CCAACAGGGCAT6GATTTAGCTTGGG6GCAGTGAGGATACCGGGACTGAAGGAAGC 1380

552 (EXON 15)
L E L S V 0 G 

TCTCCCACTCT6ACC6CCCCCACCT6CC6CCCCT6CCA6CT6GA8CTCA6CGTG6ACG6T 1440

AKaYRNGESVKLHLETOSLA 
GCCAfl6CA6TACCGGAAC86GGAGTCCGTGAA6CTCCACTTAGAAACC6ACTCCCTA6CC 1500

LVALGALDTALYAA6SKSHK 
CT66T66C6CT686AGCCTT6GACACA6CTCTGTATGCT6CAG6CAGCAA6TCCCACAAG 1560

604
PI M M tt ^

CCCCTCAACATGG6CAA66TTTGTCCA6ACCCTCTCCACAGCTCTCTCACCCCTCCAT6G 1620

CTCATCCCCCT8CTTCCCTGAGCCTT00GC6CAGCCCCT6GATCCCACT8AGGCTCCCCA 1680

CA6TCTCTTCCCCACTT6GCCCTGT6GTCTCCATCTCCTGGCTCT6TATCCTTTCCTATC 1740

CCCCCATGTGCTSCCCTCTCACCTGTGCCGAGTGCTCAGTCCTGCCCCTCAGCCACACTT 1800

60S (EXON 16)
VFEAMNSYOL 

GGCTCCTAGCATTTCCTGCCTTTCTTGCAGSTCTTTGAAGCTATGAACAGCTATGACCTC I860

GCGPGGGDSALOVFQAA8LA 
66CTGT66TCCTG66G6TGGG6ACA6T6CCCTTCAGGT6TTCCAGGCAGC6GGCCT6GCC 1920

646
FSOGD8WTLSRK 
TTTTCTGATG6A6ACCA6TGGACCTTATCCA6AAAGAGTGAGAACAGA6AA6GAA6G66A 1980

GTGG6TGGCGGGAAGATAAGGGAAGOA66AAGGGGCCTGAGGGGACCA6CTGGAAGAGTC 2040 

CG6GCA6GAAGGGCTGGGCAGG6GAAGG6GAG6A66G6AG$A66CCGA6TGCTGAC6GCT 2100

647 (EXON 17)
RLSCPKEKTTRK 

GGACT6CAGCCTTTCTCTCTACCAGGACTAAGCTGTCCCAA6GAGAA6ACAACCC6GAAA 2160

672
KRHVNFOKAINEK 

AA«AGAAAC6T6AACTTCCAAAAGGCGATTAAT6A6AAAT$TGA6TT6CGG6TGCCTAG6 2220



CAGTAGCTTGeGCTCTCCACCTGGGATCCGQQTTGGGGGTCTGCCTCTCTGCCCCTCGGC 2280

TCCTT6CTGAACCCACGT6TG6TATTTGGGGCCAGAGATCCGAATTCC6G6ATTAC6AGT 2340

GGAAGGTGGGCA6CTCTCTCCA6CAGCCTCTCTTATGTTGCT6GTCTCAAG88GTC6GGG 2400

C66GGGCT6AG6T9TATGTCCTTTTT6TCCTCTCAT6CTCACCCCCACCTGGCCCTGCA6 2460

673 (EXOtl 18)
L60YASPTAKRCC8D8VTRL 
TG6GTCAGTATGCTTCCCCGACAGCCAAGCGCTGCTGCCAGGATGGGGTGACACGTCTGC 2S20

PntlRSCEBRAARVQCILOCRE 
CCATGATGCGTTCCT6CGA6CAGCGGGCA6CCCGCGTGCAGCA6CTGGACTGCCG6GAGC 2580

PFLSCCQFAESLRKKSROK6 
CCTTCCTGTCCTGCTGCCAATTTGCTGAGAGTCTGCGCAAGAAGAGCAGGGACAAG6QCC 2640

737
0 A G L 8 R 
AGGCeGGCCTCCAACGAGGTAGGGGCTGGGTGGGGCTAGGGCACAGGTGGCGGCGCTTGG 2700

738 (EXOM 19)
A L E I 

AAAGGCAGAACGGTCCCCTCCTCACTCCCGTCCACCGTGGTCCCCCAGCCCTGGAGATCC 2760

LQEEDL1DEDD1PVRSFFPE 
TGCAGGAGGAGGACCTGATTGATGAGGATGACATTCCCGTGCGCAGCTTCTTCCCAGAGA 2820

775
HWLWRVETVORFO I 
ACT6GCTCT«6A6AGT66AAACA6TGGACC6CTTTCAAftT6T6AGAGTGT6TGCC6GCCC 2880

G6CCTTTTCTCTGTGCTGTGTCTCGGGGCCAGCCGGGGTA6ACG6GCCTTCTCTGCCTTT 2940

776 CEXON 20)
LTLWLPDSLTTWE 1H6 

CCCTACACA6ATTGACACTGTGGCTCCCCGACTCTCTGACCACGT8GGAGATCCATGGCC 3000

798
L S L S K T K 
TGA6CCTGTCCAAAACCAAA66T6ATGTCACCCT6TCTGGGCCTCAGGTGACCCTGCTTC 3060

CATTTCCCTGTACCCCAGCTCCCTGTTCCCTTTGCTCTTAGTGTAG6AAGAGG6TCCAGT 3120

8ATCT6666AGGTCT6TGCCA6CGTGCAGCT66CGT6G6CCA6A66GCA6A6GCe«ACTG 3180

AGACAGAGCTGGGTCACCCCCACCCCTCCCTCCTGTGGCCCTGAAGCTTTGATGGCCCCT 3240

799 (EXOM 21)
6 L C V A T P 

CTGATCTCTGCCCCT6TGCCCACGCTTCCTTTCCCTCAGGCCTAT6T6T68CCACCCCA6 3300

VQLRVFREFHLHLRLPriSVR 
TCCAGCTCCGGGT6TTCCGCGA6TTCCACCTGCACCTCCGCCT6CCCATGTCTGTCC6CC 3360

845
HFEOLELRPVLYMYLDKNLT 
GCTTTGA6CA6CTGGA6CT6CG6CCT6TCCTCTATAACTACCTG6ATAAAAACCTGACT6 3420

TGAGGCCCCATAGGAGCCTGAGCATACAGGAGTTG6GGGAGCCAGG6CCCAGTGAGGGGT 3480

846
V S V 

GGGGAGGCTAACCGGGCCAGGACTCTGGCCATCCTCGTTTTCCTGCCCTCAGGTGAGCGT 3540

(EXON 22)
HVSPVEGLCLAG86GLA8QV 

CCACGTGTCCCCAGTGGAGGGGCTGTGCCT8GCTGGGGGCGGAGGGCTGGCCCAGCAG6T 3600

LVPA6SARPVAF8VVPTAAA 
GCT6GTGCCTGC6GGCTCTGCCCGGCCTGTTGCCTTCTCTGTGGTGCCCACGGCA6CCGC 3660

AVSLKVVAR6SFEFPV60AV 
CGCTGTGTCTCT6AAGGT6GTGGCTCGAGGGTCCTTCGAATTCCCTGTGOGAGATGC8GT 3720

915
S K V L 8 IE 

GTCCAA66TTCT9CA8ATT6AG6T6AAT66A6CACCCCTGAATATAA9TCCCCM6CCCC 3780

CA6CTTTGTCCTCCACCCTCAGC«CTCTCTCTGCTG6CCA8GCCA666fiCCCAACACCCA 3840

AACCAATGCCTTG8TCTGTTCCCCATCTTCTACAATTCT6ATCCAACTCTGTCCCTGGAG 3900

TTGAAACTCAAA6TTCTGGGGGAGTCTGTGCTAGCAGGGCA6GCTGTAOTCCT8T6TGAC 3960

916 (EXON 23)
KEGA IHREELV 

CTCACAACCATGTTTTCCCTGA6ACAGAA66AA6G6GCCATCCATA8AGAG6AGCT6GTC 4020

932
Y E L N P L 

TATGAACTCAACCCCTTGGGT6A8TGACCCTCTACCTCCAGCCATTG6TTTCCTAA6T6G 4080

GTACAGGTG6TGGGGGATGTGGACAGCAGGACAG6CTGCCAACTTCCCCCATTTCCCCAG 4140



933 (EXON 24)
DHR6RTLE IP8NSDPNH1PO
ACCACCGAGGCCGGACCTTGGAAATACCTGGCAACTCTGATCCCAATAT6ATCCCTGATG 4200

962
GDFNSYVRVT 
6GGACTTTAAeA6CTAC8TCAGG6TTACAGGT668AGTGCCCTTTA6TCCCTTCCCA8T6 4260

GCCACCTTCGGATTCATGTGGGACCTGTGGATCCCTGCTTGGTCCCACTCCCC6TGAGCC 4320

963 (EXON 25) 

TCTGACACAGftGTCCTCAGACCTCCACCCTCTCCCTCCCATGTAGCCTCAGATCCATTGG 4380

DTL6SEGAISP66VASLLRL 
ACACTTTAGGCTCTGAGGGGGCCTTGTCACCAGGAGGCGTGGCCTCCCTCTTGA6GCTTC 4440

Thio«*l*r

P R 6 C~G~~E~~Q TMIYLAPTLAASR 
CTCGAGGCTGTGGGGAGCAAACCATGATCTACTTGGCTCCGACACTGGCTGCTTCCCGCT 4500

YLDKTEOWSTLPPETKDHAV 
ACCTGGACAAGACAGAGCAGTGGAGCACACTGCCTCCCGAGACCAAGGACCACGCCGTGG 4S60

1032
0 L I 0 K 
ATCT6ATCCAGAAA66TTCT6GGTGCAAG6GCAAGCA66AGGGG6GCCA6SAAA6GACA0 4620

TTCTGGAAGATGGACAGCCCAGGAGGCTTACAGAG80AAA6AAAG8GGGCCCCTGATGAG 4680 

GATGGGGA6CATGGCCTTGG6CTCAAACAGCA6AAGGGTGAGTGTCACCTGAGC66CCAC 4740

1033 (EXON 26)
YHR1QQFRKAD6SYA 

CTCTCCTCTCCAAGGCTACATGCGGATCCA8CAGTTTCGGAAGGCGGATGGTTCCTAT8C 4800

1058
AHLSR08STN 

GGCTTGGTTGTCACGGGACAGCAGCACCTGGTGA6CTT6G6A6A6T6GTTCCA6GGTTCT 4B60

GAGGGGGTCAG6CCI6GGGCAGGGGT6GGACAGAGCTGGTAT6ATGGGAGGGTGGATAAC 4920 

CAGGCACCT6G6G6CGTG6GCATAATGAGAAGCAAGTCCTTATCCCCAACCCTCCTTTCC 4980

10S9 (EXON 2?)
LTAFVLKVLSLABE0V 

TGCCCTCCA6GCTCACA6CCTTTGTGTTGAA6GTCCTGAGTTTGGCCCAGGAGCAGGTAG 5040

8CSPEKLQETSNWLLSOQOA 
GA66CTCGCCTGAGAAACTGCAGGAGACATCTAACTG6CTTCTGTCCCAGCA6CAGGCTG 5100

. . . . 1110
OOSFQOPCPVLDRSna 
AC66CTC6TTCCA66ACCCCT6TCCA6T6TTftGACAGGAGCftT6CA66T6CG6GCATGCT 5160

G6G6CTG6CCC8AGAAGCGCCTGTCGGA6GACTCTCTTT6CCCCTTCCCCCTCCT6TTTG 5220

1111 (EXON 28)
fiSLVGNOETVALT 

ACATCTTTTCTCCCCTTACTAGGGOGGTTTGGTGGGCAATGATGftGACTGTGGCACTCAC 5200

AFVT 1ALHH6LAVFOOEGAE 
AGCCTTTGTGACCATC6CCCTTCATCATGGGCTGGCC«TCTTCCAfleATGAea8TGCA6A 5340

1149
P L K 0 R V 

GCCATT6AA6CAGA6A6TG6TAAGTTCA6T6GCGTTTCTGCCCTCT6CTG6CCCCCA6CT 5400

CTCTCCCTTTTTCCTCA68AACCCA08GGTCCA68CCCAA8ACCCTCCTCCC8TTTTCTT 5460

1150 (EXON 29)
EAS ISKANSFL6EKASA6L 

CCA66AA«CCTCCATCTCArtA66CAftACTCATTTTTGG66GftOAAAGCAAGT6CT6G6CT 5520

LGAHAAAITAYALTLTKAPV 
CCT6GGT6CCCAC8CA6CT6CCATCAC6GCCTAT6CCCTGACACT6ACCAA«6C6CCT6T 5580

* 1206 
DLLGVAHNNLMAriAOETS 

GGACCT8CTCGGT6TT6CCCACAACAACCTCAT86CAAT66CCCA86«8ACT8fi«88T8A 5640

GGG6TGAGGCGCTCTGGCA6T6AGCCTGA86CCCA6G66ACTTA86ATCCTSA6T6T6CC 5700

CAGAG08AGAGOCT6GATOAAGACTCA8A88AG8AAT8AA8TTATAAGCA6866T88GTT 5760

GG668AGACTCA6GA6A8CCCA8CA6GG66T68CTAA668CCAG86GACCA88CTCTTCT 5820



1207 CEXQN 30) 

CCCT6CCTTCCTGTTTACTT6TGGTCTCCCTTCACTTTCACATAACCTGTACTOGGGCTC 5880

VTGSQSNAVSPTPAPRNP8D 
AGTCnCTGGTTCTCAGAGCAATGCCGTGTCGCCCACCCCGGCTCCTCGCAACCCATCCGA S940

PHPOftPALWIETTAYALLHL 
CCCCATGCCCCAG6CCCCAGCCCTGTGGATTOAAACCACAGCCTACGCCCTGCTGCACCT 6000

LIHEGKAEMADQAAAWLTRQ 
CCTGCTTCACGAGGGCAAAGCAGAGATGGCAGACCAGGCTGCGGCCTGGCTCACCCGTCA 6060

1284
GSFOGOFRSTQ 

GG6CA6CTTCCAA666G6ATTCC6CAGTACCCAAGTA66GGCC6TCCCCG6GCTCTG666 6120

1285 
0 

GGGGTG6GTAGTCCTCAGACCAAGGGCTTGCTTGAGTCCTGGCTCAACCTCCCTAGGACA 6180

(EXOH 31)
TVIAIDALSAYWIASHTTEE 
CGGT0ATTGCCCTGGATGCCCT6TCT6CCTACTGGATTGCCTCCCACACCACTGAGGAGA 6240

R6LNVTLSST6RNGFKSHAL 
GGGGTCTCAATGT6ACTCTCAGCTCCACAGGCCGGAATGGGTTCAAGTCCCACGCGCTGC 6300

1340
OLNNROIR6LEEEUO 
AGCT6AACAACC6CCA6ATTC6CGGCCT6GA6GAGGA6CTGCAGGTGAACCACTCCCTGG 6360

TGAACCACTCCCTCGCCTGGGTAGCCAGGACACCTGQGCCTCGTGGCCAGGCCAGAAGCC 6420

GTCCCCACCCTCCCACCCGTGGAATCCCCGCAGCACTTCTTCCTGGGGTCTTCGGGGGAA 6480

GACTGACTTCCTGQCTGCGTGACCTG6AGCTCTGA6CTTCAGTTTTCTCACTTGTAGAGT 6540

AACATACACAGAGTTCACCCTACAG66TCGTTA6AAG6CT6AA6T6AGATAATTCATGTG 6600

CTGGTATAAACTTTGTGGAAATGTGAGGTGGGGAGAGGAGGTGGGGCCTGfTTTGAGGAA 6660

GGAGATAAGTTATTGGAGCCGCAAAAACAGGTTTGCTTGTGCCCTTCTAACATCGCCTTC 6720

1341 (EXON 32)
FSLGSK1HVKVGGN 

CCTTTTCTCGTTGCTGAAGTTTTCCTTGGGCA6CAAGATCAATGTGAAGGT6GGA66AAA 6780

1360
S K G T L K 

CAGCAAAGOAACCCT6AAGGTGAGGGCCA666AAGGGGTGGGGCCAGGCACTGGT6GAG6 6840

AGAGGGTGTGGflGTGAGAGGCCTGTGGGCAGAGGCACATGGTCCGGGGAAGGAGQCAGAC 6900

ACCTCAG6GTTGGTGTCCC6T6CTTCC6TCCTG66TGTTTTTCCCCCTGCTT6CTTTCGC 6960

TTGCTCTCCCCATCTCTGGGTACCTOTTeTTTCCTTTACCCGCCTCAGTOCTGGTGGCTC 7020

CGAATCCCACTCCTCAGCCCA6GCCTCTTCCCTGAACCATGGGCCCCACTC6TCCCACTC 7080

CCACAGCACCTCAGACGAGGCATGTCCCAAAGCCCTTCTTCATTCTGTGTCTCTTGTCTG 7140

6CTGGT6G6AGCCCCTCCCAGCCAGGAGCCCA6CCACTACTCTAGAGGCCGT6TTAGTG6 7200

CCCCTCTCCCAAGCCTGTCCTTATGTCCCTAGTGACTCCTCCTCTGCTCCCCTGCTGCCT 7260

6TG6CCCTT6GT6CTGCATCCTA6ATTCTGT6CTGA6ACG6CCTTCTCCCTACCT6GAAC 7320

TTCTCTCTACCTCCTGTCTCCCCTGTCTGATCCACTGTCCACACGGCA6T6ACACTGACC 7380

TTCCAAAA6CCCCAGCCAGATCAGCCTTGGGGAAAAGTCACTCCCCGCT6CCCAC66CTC 7440

AGATGGCTGGGCCTCTGCCCACCCCTCCGGCCAGACAGCTCTCCTTGTCTACACAGATCC 7500

CCTTGCCTTTCCT6TCCTTCCCT6CTTCTTGGCCCACAWACAAGCTCTTTCTTCTCCTT 7560

CAA6CCTT6GCCAGAAGCCTTTCCTGAGCTTTTCAGTCCAGCCTCTTCCCAGCACA8TCT 7620

GGAGTOTT6GCCTCTGG6GGCAG6CCCCT6CTTCTTTACCTCTCTGTCTCGCCT6ACGCC 7680

TGTGGCGAATGTGGT6CCACTCGTGTGT6TGGACTGTGCAGTGACG6GGAGGAAAAGGGG 7740

CT8AA66CCTCAAATCCTOTA6CCCAG6GAGATGCCCTTA6GTAT66CACCAGAGAG6TC 7800

1361 (EXOH 33) 
V L R T 

TGTGGCCTCACATGTCCCACGTCCTCTCCCTGCCCCTTGCTGAGCCAGGTCCTTCGTACC 7860

YNVLDMKMTTCOOta IEVTV 
TACAATGTCCTGGACATGAAGAACACfiACCTGCCAGGACCTACAGATAGAAGTGACAGTC 7920

1392
K G M V E Y T 

AAAGGCCACGTCGAGTACACGA6TGAOT6TGGG66TT8G6AGOCCTT666GCCAGGCA86 7980



1393
M

OGCTGGCGCAGGQAGCCGGGTG6CCATCCCAGCCCTCCTCACAATGCTTCCCT6T6CAGT 8040 

(EXON 34) « « «
EANEDYEOYEYOELPAKDOP 

eGAAGCAAACGAGGACTATGAGGACTATGAGTACGATGAGCTTCCAGCCAAGGATGACCC 6100

DAPLOPVTPLOLFEGRRNRR 
AGATGCCCCTCTGCAGCCCGTGACACCCCTGCAGCTGTTTGAGGGTCGGAGGAACCGCCG 6160

RREAPKVVEEQESRVHYTVC 
CAG6AG66A66CGCCCAA6GTG6T6GAG6A6CA6GA6TCCAGGGT6CACTACACC6T6T6 8220

1491 
I W

CATCTGGTGG6C6CC6GGA4CTGCCCT66GCCAGG68AGGGAGGGCAG6ACCCAGGCT66 8280 

G6CTGG6CTTCT66A6CCC6CGCAG6CAGAACCTGGACGACAGCTCACACGTCTCCACA6 8340

1452 (EXON 35)
RNGKVGLSGMA IADVTLLSG 

GCGGAACGGCAAGGTGGGGCTGTCTGGCAT6GCCATCGCGGACGTCACCCTCCTGAGT6G 8400

1481
FHALRAOLEK 

ATTCCAC6CCCTGCGT6CTGACCT6GAGAAGGT6T66TCAGCCACCCAGGGCAACCCCCT 8460

CTGTCCCAGGTACTGAGCCCTGTCATGTGCAG6GCCT6TGACCAACTCCCCTTTTCCACA 8S20

1482 (EXON 36)
LTSLSORYVSHFETEGPHVL 

GCT6ACCTCCCTCTCT6ACC6TTACGTGAGTCACTTTGA6ACCGAGGGGCCCCACGTCCT 8580

1506
L Y F 0 S 

6CTGTATTTTGACTC66TGAGT6GGGAGA6ATGAGGCAGGAA66GACTC6ATG6CACC6G 8640

GTTTACTGAGTATGCGTTAGGAGGTTTCTCAG6A6ACAGCTGTGTCAGC8GCTG6TGCTC 8700

TT6AGAACTTGTGATGTCATCAGAGA6AA6GACAAGAATGTGA6CCC6TGAGACACA6CA 8760

GAGTAAGGGGCAGACCTGCAGGCGGCAGGGACCGATGCCAGTCAGCAGGGACCCTCAGGG 8820

TTTGA6AG6GA6TCTTTCCTAATGCTG6TTTTATTCAGCTTGAGGG6CTGCCTTT6TTTT 8880

TTTGTTGAACTTCCTATCTTTTTTTTAATATTAAAGCGTATTTTCCTTTACAAAGTGATG 8940

6T6GCCATAGAT6ATA6TT6TATTT6TCTTTTCAC6ACCTTATTTG6CTAAAATAGTTAT 9000

CAACCCTCTTACGGCTCTCAAAACATTTTTATTTATTTATTTAGTAAAGACAGGGTCTCG 9060

CTCTGTTGCCCA66CT6GTCTTGAACTCCCG6CCTCAAGCC6ATCCTCT6GCCTAG6CCT 9120

TTCAAAGTACC6GATTTACAGGCCAGA6CCACCAT6CCCGGCCTTCAAAAAAAGTTTTGG 9180

AACATTTACT6TAACCTCTGGGAGAAAAT6TGAGAAAGGTGTG6TG6CT6TCATTAGCCA 9240

GCTGTTTGTAGGTCAGGGAGACCCCTACCCAGT6T6TGCAGAG6G6CCAGCCCCCATCAG 9300

CT6G6GAAGCCTG6CTGACACACTCT66GTTGAACACAATAGAAAACACA6AGCCAACAA 9360

GATTCCCG6ATAG6GA6CTGAC6GTGCA6CAOCCTAGCTCAGGA66GACACT66CAC66C 9420

ACC6T6T6GACTG6GCCCGC6T6GGCACGAGGA6G66TCAG6CCT66GACCTGA6TC666 9480

GGGTCAG6CAGGATGACAQAACCTGCAGTTAGGTT6T60CAAATAAAGGAGGACCCAGTT 9540

GTATCCATGACAAAGATGAGGCCGCGAGGAGGGCGAGTGGGTTTGGGGGCAGGCAGAGTG 9600

CCTTGGAGAACTTACAGGTCCTGCCACAATCCTAATGCAACGGATGGAGCTGCAAGTTCA 9660

6TTTGGGAATCATCAGCCTGGATTGGTTTG8T6GAA6CCA66GA6TGGTTGAGACCCCAC 9720

AG6GGA6CTCTGAG0AA66AA6TTCCGAAGOA66GAACGTAA6AAAT6ACCAGGTCAGAA 9780

CCAA6«6T66TCCAGAAGCTAACCCTTA6CTTAG66ACAGTTTCACA6A6AACAC6TCCA 9840

TGATGCAAGACTCTAGCTGAGOGCCTG6AGCAOT8AA6ACTGG66CAAG6TCACCCTCTG 9900

GGAAGTGAA6TCACCAGA«ACCTTGCGGAGCAGCTTTGAGAGTTCTCTGAGTA«8AA6GT 9960

AACAGAATGTGAAGGACACTGGA6AGAA6GCCAATAGGAAGCAAACAAAAACAGGCCAAG 10020

GAAACCCAGTACAG6GGGCTGCAGGGCCCA6GGAGT66GTCCCTCATCTCTCCTCCCCAC 10080

1507 (EXON 37)
VPTSRECVGFEAV8EVP 

GCTTGGCCAGGTCCCCACCTCCCGGOAGTGCGTGGGCnTGAGGCTGTGCAGGAAGTGCC 10140

1540
VGLVQPASATLYOYYNP 

GGTGGGGCTGGTGCAGCCG6CCAGC6CAACCCTGTACGACTACTACAACCCC8GTGMCA 10200

CTGCAG8ACACCCTGAAATTCAGGAGAACTTTGGCATA6GTGCCCTCCTATGG6ACAATG 10260 

GACACCGGGGTAGTGAGG9G6CAGA6AGCCCTGG66CTCCCT6GGACTGAGGAGGCAGAA 10320



1341 (EXOH 36) 

TGGAGG6GCCTGTGCCCTAACTCCTCTCT6TTCTCCAGAGCGCA6ATGTTCTOTOTTTTA 10380

6APSKSRLLATLCSAEVCQC 
CG6GGCACCAAGTAA6AGCAGACTCTTG6CCACCTTGTGTTCTGCTGAAGTCTQCCA6TG 10440

1570 
A E

TGCTGAGG6T6A6ACTGA66GCCT6GG6CG66GCA6T66A66C6GGAT66CC6666CCCC 10500

1371 (EXON 39) 

CCCCACACT6TCT6AT6GGTTCCCCAACTTCAGGGAA6TGCCCTCGCCAOC6TC6CGCCC 10560

t-ERGLQDEOGYRMKFACYYP 
TGGAGCGGGGTCT6CAGGACGAGGAT6GCTACAG6ATGAAGTTTGCCTGCTACTACCCCC 10620

1603
R V E Y 
6TGTG6A6TAC66TCAGTCTTCCCACC6AG6CCCTGGCT6ACCCTCCCTCGG6GACC6GC 10600

C6TTTT6GTCTCTCTG66TTGTAGCCTGCTCCTCTTATCAT6GTCATGCACGCAGCCTGT 10740 

TTGCTCTGACACCAACTTCCTACCCTCTCA6CCTCAAA6TAACTCACCTTTCCCCCTTCT 10600

1604 (EXON 40)
6FBVKVLREDSRAAF 

CCTCACCCCCTCTTAGGCTTCCAGGTTAAGGTTCTCCGAGAAGACAGCAGAGCTGCTTTC 10660

1631
RLFETKITQVLHF 

CGCCTCTTTGA6ACCAAGATCACCCAA6TCCT6CACTTCAGTATGAA6CAAACC6GA6AG 10920

GCG66CAGGGCTGGGGG6AGACCAGGGA66CT6AGGTGTG6CCGAGGACCTGACCATCTG 10960

6AA6T6TGAAAATCCCCTT6G6CTGTCA6AAGCCTTGGGCTT66CCATAAATAGGGA66C 11040

AGTG6CACCTCTCCAT66GGGTGGC6AA6GT66AAT6AGAG6ATCTACACAGAGTCCCCA 11100

6CCT6G6CTCACCCT6CACCTTCTCTTCCCCTCT6ACCACTTTTGCGCAC6TCATCCCCG 11160

1632 (EXON 41)
TKOVKAAANOtlRNFLVRAS 

CAGCCAAGGATGTCAAGGCCGCTGCTAATCAGATGCGCAACTTCCTGGTTCGAGCCTCCT 11220

CRLRLEP6KEYL 1H6LD6AT 
GCCGCCTTCGCTTGGAACCTGGGAAAGAATATTTGATCATGGGTCTG6ATGG6GCCACCT 11260

1676
Y D L E G H 
ATGACCTC6AGGGACA6T6AGTCATCT66TCCCCTCA6TCTCTTGTCCTCCCCAT6CCTC 11340

GCCACCTAGGCCTTGCCCCTCA6AAGCCAGATGCCT6TGCTCTCC6TTTCCACCTGCCAT 11400

1677 (EXON 42)
P 0 Y L L 0 S 

CCTCCCGAGCCCT6CT6ACT6CCCCTT7GCCCCCT6CAGCCCCCA6TACCTGCTGGACTC 11460

NSWIEEMPSERLCRSTRQRA 
GAATAGCT6«ATCGAG6AGAT6CCCTCTGAACGCCT6T6CCGGAGCACCC6CCA6CGGGC 11520

1722
ACAOLNDFLaEYGTOGCQV* 

AGCCTGT6CCCAGCTCAACGACTTCCTCCAG6A6TAT66CACTCA666GT6CCAG6T6T6 11360

AG6GCTGCCCTCCCACCTCCGCT66GAGGAACCTGAACCTG6GAACCAT6AAGCT66AAG 11640

Poly-A  l(n«l ......
CACT6CTGTGTCCGCTTTCAT6AACACAGCCTGGGACCAGGGCATATTAAAGGCTTTTGG 11700

CA6CAAAGT6TCA6T6TT6GCAGCOAA6T6TCA6TCTGTGTT«CTAC««CT6A6A6CAGT 11760

6CCCCTGCCC6AT6CAGTTCTGG6CAG6CCA6GTT6ACATAACCTTA6ACTCTCT6AGCC 11820

CTOAT6ACCCTTG6GCTGTTCA6CTCT8CT«AACCTCCCIWAT«ACCCecrae««TCT 11880

AGTGCTTCACAGGACCACCCCOA6CAGAACT06GACCCAA6A6CCTGCACCCCAA66ACC 11940

AGA6TCCAT6CCAA6ACCACCCTTCAGCTTCCAAGGCCCTCCACT6CCC66CTGTC8CCA 12000

GTCACCACGGCCTCAGACAGGGCTTGTGCTCAGCTGACACCTGTGACACA8CTCTTCTGC 12060

CTCAT6A6CT6TTGTCCA6CTACACCTCCCCGACTCTGTCCTC6T6CT6CTG6C66TTCT 12120

GAG6TCTGCAGATTTTAGCT6A6TTCC666CTGTT6AAAGCCT6CTGAC6CTT6GTTCTG 12180

TTATCAGTGGAAT6AG6TGACTTTCCC6GA6CTT6TGCAATCCTCMGTCC6GCAGT6TC 12240



TTCTTCCAGTTACTGGTTTCAAACAAGCCAAAAOTCT6ACTTTGGTGTGTTTGTGAATCC 12300

TCTGA6GAA6CCGCT6TTCTCCTG660TCTCCCCTTCCCACC6GACCT6CCTAACTTTCC 12360

CCCATTTAGTGGCACACCTGGGGTCTTCAGAGAT6ACTCCGCGTCTGTCCAAAGAAGTTT 12420

6GTGA6ATCAGTTTCCGTAGAGGTCA6T6ACA6TTCA6CAGCCTGCATCCA6TCATTC6A 12480

CAGAAATTCGGGAATCTTTCACTTCATGCCATGCCCTGTGCCAGGTGCCAGAGATACAGC 12340

T6CTCACTCCA6-GCTCATCGCT6666A6ACAGATAAGAG6ACGG6CA6TCCCCACCCTC 12600

TGTGAAAGATGTGAT6TCAGGGAGCAGTGTGGTCCTGTGGGGCATCTAACCAAGTCA6GG 12660

GCATT6CCAGGCAG46AA6G6AAGGCTTCCTGGA6CA66TG6CCTCCAA6T6GG6CTCTG 12720

AAGACTGA6AAGGAGCCAGGCAAAGAGCAGGGGTAGATGAG66CATCTGGGGCAGAAGGA 12780

GAATATACAAA6GCCCA6A6GCCGG6G6CA66ACA660TACCTTTGG66ACATTGCATGT 12840

AATTGACCACATTC06A6TTT6GATTTGGAAGTOGTGGAAGAGATGGAGAT66TGA6ACA 12900

A6TA6TAAGCACGTCA6CCTTCCA6GTGCGCTCCTTTCCGAT6AGCACT6TCTTATCCCA 12960

CGTAACTTTGACAA6TTTGGGCCTTTCCCACT6TGGCA6AOGTTTCCT6AOGCTCTTGCA 13020

Belli  !* ; to 5* «T»d of 21-OHnv* A
TACATG6CCCTATGGTTGCTCATCA6ATC 13048
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