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1 Abstract

The Major Histocompatibility Complex (MHC) is a gene-dense region located on the
short arm of chromosome 6 (6p21.31). This region contains the highly polymorphic
HLA genes as well as many other genes with immunological and non-immunological
function. The susceptibility genes of many human disorders have been mapped to genes
within the MHC. However, the genes themselves and indeed the locations of the genes,
for many of the disorders, remain a mystery. This is a result of the high degree of linkage
disequilibrium (L.D) that exists between loci within the MHC. The high LD is explained
by the genomic structure of the MHC. The MHC contains several blocks of DNA within
which recombination is extremely rare, whereas the boundaries of the blocks are defined
as "hotspots” of recombination. Most disease association studies have used the highly
polymorphic HLA class I and class II genes which are separated by an, as yet, undefined
number of blocks and several hundred kilobases of DNA,

The MHC gamma block resides in the central region of the MHC between the blocks
that contain the HLA class 1 and class II genes. As such, typing for polymorphisms
in the gamma block is critical for MHC disease gene mapping studies. The gamma
block contains approximately 20 known genes including the complement C4 genes. The
gamma block can contain between 1 and 3 tandemly arranged C4 genes. The C4 protein
exists as either the C4A or C4B isotype and is polymorphic with up to 40 allotypes
being reported. However, the majority of Caucasian haplotypes can be explained by the
common C4A3 / C4B1 or C4AQ0 / C4B1 complotypes with the remaining haplotypes
explained by just a few other complotypes. For this reason, and because C4 allotyping is
a technically difficult procedure, C4 allotyping is rarely used in MHC disease association
studies.

The molecular heterogeneity of human C4 genes has not been extensively studied. How-
ever, the C4A3 and C4B1 genes have been completely sequenced and are >99% identical
at the DNA level across 41 exons and 15 kb of DNA. This high degree of homology and
the presence of up to 3 C4 genes on any MHC haplotype makes PCR separation of the
C4 genes difficult for subsequent genetic studies.

The aim of this study was to extensively characterise the molecular heterogeneity of the
human C4 genes and thereby:

1. determine the extent of human C4 gene polymorphism

2. confirm previous studies which have defined isotype specific sequences

3. characterise the C4 protein polymorphisms at the DNA level



4. determine if common C4 allotypes can be subtyped on a molecular basis

5. identify C4 gene polymorphisms that can be used as targets for DNA based typing
methods

6. apply DNA based C4 typing methods in MHC disease association studies

7. provide insights into MHC haplotype evolution.

In contrast to separating the C4 genes, a novel approach whereby the C4 genes were
amplified and sequenced simultaneously was applied in this study. The DNA from 24
homozygous workshop cell lines, representing different ancestral haplotypes (Als), was
studied. Comparison of the C4 genes from different AHs revealed that the C4d region of
the C4 a-chain is most polymorphic, but that polymorphic amino acid residues are also
present in other regions of C4. The highest degree of polymorphisms was seen in the
introns. In addition, the presence of the tsotype specific sequences m exon 26 was con-
firmed and primers were designed to specifically amplify, and thereby separate, the C4A
and C4B genes. Comparison of the C4 gene sequences representing the same C4 allotype
revealed that most C4 allotypes are heterogeneous and may be split into several subtypes.
The polymorphisms observed at the sequence level did not correlate with C4 allotypes
defined by electrophoretic mobility. However, it could be shown that the differences in
electrophoretic mobility of the C4 allotypes are due to cumulative charge differences.
Seven polymorphic amino acids were found to account for the different migration rates
of the C4 allotypes analysed in this study.

In addition, a number of haplospecific single nucleotide polymorphisms (SNPs) were
identified within the C4 genes. Haplospecific SNPs are informative markers enabling
the genetic mapping of recombinant AHs, an approach which can be used to identify
disease susceptibility genes. Haplospecific SNPs located in the C4 gene region are im-
portant markers as they represent a separate block of the MHC (i.e. the gamma block).
The frequency of one such SNP marker has been shown for a diabetes patient group and
a control population. Although further studies are required to elucidate the role of the
gamma block genes in susceptibility to diabetes, this study demonstrates a possible ap-
proach for the mapping of MHC disease susceptibility genes, which can also be applied

in studies of other MHC associated diseases.

To conclude, the present study adds to our knowledge of the C4 gene polymorphism,
provides insights into MHC and C4 gene evolution and enables future studies to examine
the significance of the C4 genes and other gamma block genes in susceptibility to MHC

associated diseases.



2 Literature Review

2.1 Major histocompatibility complex

The major histocompatibility complex (MHC) contains a set of highly polymorphic genes
with immunological and non-immunological functions. The human MHC is located on
the short arm of chromosome 6 and spans a region of about 4 Mb [1-3]. With over
200 gene loci identified, the MHC is the most gene-dense region of the human genome.
The MHC has been extensively studied, yet many of the expressed gene loci are still of
unknown function. The first complete sequence and gene map of the human MHC has
been published by the MHC sequencing consortium in 1999 (Figure 1) [1].

Historically, the MHC has been divided into three functional regions: class II (cen-
tromeric), class 111 (central region) and class I (telomeric) [4]. However, further anal-
ysis revealed an extended class II region and a region telomeric to the classical MHC,
which is now called class Ib region. An estimated 40% of the expressed MHC genes
encode proteins with essential function in immune response. The classical class II region

is particularly notable as almost all of the genes have a role in immune function.

One of the main characteristics of the MHC is its extreme polymorphism. The class 1
and class [I HLA (human leukocyte antigen} molecules are the most polymorphic human
proteins, some of which have over two hundred allelic variants [5].

2.1.1 MHC class I and 11 genes

The MHC class I genes encode the classical HLA class I molecules HLA-A, -B and -
C. The MHC class 1 region also contains the non-classical HLA genes HLA-E, -F and
-G as well as the pseudogenes HLA-H, -J, -K and -L. HLA-A, -B and -C molecules are
cell surface glycoproteins expressed on almost all nucleated mammalian cells [6]. In
contrast, the expression of the non-classical HLA genes is more restricted. For example,
high levels of HLA-G are found on foetal cytotrophoblast cells during pregnancy and
HLA-F i1s mainly expressed on B cells [7]. HLA-E is found in a wide range of fetal and
adult tissues [8]. MHC class I molecules present foreign and self-antigens for recognition
by T lymphocytes. Endogenous proteins, e.g. viral particles or normal cellular proteins,
are targeted for degradation by binding of ubiquitin, and are subsequently digested by
a large proteolytic complex termed protcasome. The resulting antigenic peptides are
translocated to the endoplasmatic reticulum, which is the site of MHC biosynthesis. Class
I molecules are composed of one heavy chain encoded by the polymorphic HLA-A, -B



and -C genes and a non-covalently associated non-polymorphic light chain, called B,
microglobulin [9]. The o, and oy domains of the heavy chain contain the amino acids
determining the specificity of the class I molecules. Class I molecules can bind peptides
of 8 to 11 amino acids [10]. Upon peptide binding, the MHC-class-I-peptide complexes
are transported to the cell surface for recognition by CD8 T lymphocytes.

The classical HLA antigens encoded in the class II region are HLA-DR, -DQ and -DP.
Expression of MHC class IT molecules is more restricted as only antigen presenting cells,
e.g. B cells, macrophages, dendritic cells and activated T lymphocytes, express class 11
molecules. The peptides bound by MHC class II molecules are exogenously derived like
bacterial proteins or viral capsid proteins, and are recognised by CD4 T lymphocytes.
The class 1T molecules are also synthesised in the endoplasmatic reticulum, however,
for peptide binding they are transported to endosomal/lysosomal compartments. Class 11
molecules are heterodimers consisting of an o~ and [3-chain, that folds to yield the peptide
binding groove with their amino terminal ends. In contrast to the class | molecules, class
I1 molecules can bind peptides of varying length (10 to 24 amino acid residues), as the
ends of the peptide binding groove are not “closed” by specific hydrophobic residues and
antigenic peptides extend on either side of the binding groove [6].

In both the MHC class 1 and class IT antigen processing pathways, accessory molecules
are involved in complex formation of anugenic peptide and MHC molecule. For instance,
the transporter associated with antigen processing (TAP) is encoded in the MHC class 11
region, and is required for the translocation of peptides present in the cytosol to the lumen
of the endoplasmatic reticulum [11]. In the MHC class I pathway of antigen processing,
tapasin acts as a chaperone for TAP and the MHC class 1 heavy chain [12]. HLA-DM
is another accessory molecule that participates in the fully assembly of the MHC-class-
II-peptide complex. On B cells, HLA-DM activity is modulated by HLA-DO [13]. The
molecular chaperon calnexin facilitates the assembly of the MHC class I heavy chain and
the ; microglobulin domain by making the folding of the heavy chain more efficient [9].

2.1.2 MHC class III genes

The MHC class Il region contains the complement genes C4A, C4B, factor B (BF) and
C2 as well as the TNF and BAT1 genes [14]. However, there are about 50 additional
genes located in the region. The physiological role of many of the genes has not yet been
determined, although many are involved in immune and inflammatory responses [3]. The
class III region of the MHC 1s extremely densely packed and it is notable, that two-
thirds of the intergenic regions are less than 1 kb in size. Some genes reside within



15140
Isa
0-—0 wma

(TH0 =
IBH O
B OO

Classical
class |l

Extended
class Il

‘ll Lén)'l'u\
&
%

metda
(RN

[LEEINL ]
HSET

Cean

Class
I}

gt oy -

B v

@2 'FavED
S0 AT2'9F0 W1 —(H H H A HH R —

G

W

LET Y |
Ihy
CAtQ
[
L
P2
NG
LRAr
-1
AAGE
G
CiR
NOTCHa

L

CI
wen
.
yt
HCOL S 1k
ELSE ]
B4 1a [F}
HEGAL 13 P
HLA-TS PH]
B3 )
HI A [
HLA0 [
RALTD v,
HEGEA o
PEZ (¥l
L LT
-
FLad
LA
- .
P
AL o
WOGRa T
Pt F
sk
LT
FLa g1e
o
n A
oy
MO
o5 %
rLaTY
HUAY Iy
HONIwb (4]
Pt (4
ML
PLAF
O3
LR

Classical
class |

Figure 1: Gene map of the MHC. Genes are shown in order from telomere to centromere but not o scale. Gene loci that were
discovered or located to the MHC as a direct result of the genomic sequence are indicated by filled boxes As will be the case
for the rest of the human genome, the MHC reference sequence 1s a composite of different haplotypes. However, in regions with
known differences in gene content {C4 region in class Il and DR region in the classical class II region) anly single haplotypes were
sequenced (C4AQ0, C4B1 in the class [ regron and DR32 in the class II region). Obtained from Ref. [1].



another or have overlapping ends. For instance, the tenascin-X (TNXB) and the steroid
21-hydroxylase (CYP21B) gene overlap by 484 bp at the 3’ end [2].

The MHC complement genes C4A, C4B, BF and C2 are located in the centromeric part
of the class I1I region [2]. All four genes lie in close proximity following the same pattern
observed at other regions within the MHC where genes with related function are often
found clustered together [15] The genes encoding C2 and BF are the result of an ancient
aene duplication, and the gene products show about 40% amino acid sequence identity.
(2 serves as the enzymatic subunit of the classical and lectin pathway C3/C5 convertase.

BF has a function analogous to C2 in the alternative pathway of complement activation.

Present between complement genes C4A and BF are four ubiquitously expressed genes,
RD, SKI2W, DOM3Z and RP1 [16]. RD is located 205 bp downstream of BF, and or-
ganised in a tail-to-tail configuration with BF. The protein encoded by the RD gene is a
subunit of a negative elongation factor for transcription of mRNA. The SKI2W protein
contains a RNA helicase domain and two leucine zipper motifs, that may be involved in
protein-protein interactions [16]. Human SKI2W is present in the nucleus and in the cy-
toplasm, where it is associated with polysomes and ribosomes [17]. DOM3Z is a nuclear
protein. Experiments on its homologue in yeast suggest that it interacts with a nuclear
5’ to 3’ exoribonuclease [2]. RP1 (G11) encodes a Ser/Thr protein kinase, however, the
physiological function of the RP1 gene product is yet to be determined. The presence
of a nuclear localisation signal indicates that it is probably a nuclear protein [16]. The
four genes are organised as two head-to-head configured gene pairs, RD-SKIZW and
DOM3Z-RP1. Their ubiquitous gene expression suggests that these are probably house-

keeping genes,

Several genes present in the central part of the MHC may play a critical role in growth,
development and differentiation [2]. The large extracellular matrix protein tenascin-X is
encoded by the TNXB gene, and is expressed in connective tissues [18]. PBX2 (G17),
a homeodomain-containing protein, forms complexes with other homeobox proteins in-
cluding the proto-oncogene HOX, which increases DNA-binding specificity [19,20]. At
the centromeric end of the MHC class I11 region lies NOTCH4, the human counterpart of

the mouse mammary tumor gene int-3 [21,22].

Other important proteins are the receptor for advanced glycosylation end products
(RAGE), which is a member of the immunoglobulin family [23, 24], LPAAT-« required
for acylation of glycerols, the palmitoyl protein thioesterase PPT2 and CREB-RP, a tran-
scription factor inhibiting the induction of glucose-regulated proteins [2]. CYP21B en-
codes the steroid 21-hydroxylase, which is important in biosynthesis of glucocorticoids

and mineralocorticoids [25].



In the telomeric region of the MHC class III reside several genes that are involved in
inflammatory responses. Three genes encode proteins of the major heat shock family
and are named HSP70-1, -2 and -Hom in humans [26]. The TNF locus contains the
genes coding for TNF-u, lymphotoxin «, lymphotoxin B and the human homologue of
the mouse B144-Lstl gene [27,28]. Between the heat shock protein 70 and TNF genes,
the seven genes G7-G6-G6A-GOB-G6C-G6D-GOE have been identified [29]. Three of
the genes (G6C, G6D, G6E) encode proteins of the Ly-6 superfamily. Most members
of this family are extracellular GPl-anchored proteins that are specifically expressed and
have a definite or putative immune related function [29, 30]. The protein encoded by
G6B is a putative cell surface receptor of the Ig superfamily containing a potential sig-
nal peptide, a single Ig V-like domain and a transmembrane segment [31]. The G6 gene
encodes a regulatory nuclear chloride ion channel protein, while G6A encodes a puta-
tive homologue of the ¥¢ N¢-dimethylarginine dimethylaminohydrolase (DDAH) [29].
This enzyme has first been described in rat kidney, and is thought to be involved in the

regulation of the nitric oxide-generating system [32].

2.1.3 MHC ancestral haplotypes

A highly relevant feature of the MHC is its en bloc mode of inheritance. Within certain
blocks several hundred kilobases in length recombination seems to be inhibited, whereas
the boundaries between such blocks have been shown to be "hotspots” of recombination
[33]. As recombination is not found within these blocks, they are often referred to as
evolutionary "frozen” [34]. HLA-A is located in the alpha block of the MHC, HLA-B
and HLA-C are genes of the beta block, the C2, Bf and C4 genes are located in the gamma
block and HLA-DR and HLA-DQ genes are located within the delta block (Figure 2).
Additional blocks are located telomeric of HLA-A, between complement C2 and MICB,
between HLA-C and HLA-J (the sigma and kappa block, respectively) and centromeric
of HLA-DQ. The exact boundaries of many of these blocks (especially of the blocks in
the central region of the MHC) have not yet been determined. However, SNP profiles
and recombinant disease mapping studies indicate that recombination sites are present
between HLA-DR and C4, C2 and HSP70, TNF and MICB, HLA-C and HLA-S, HLA-S
and HLA-E, HLA-E and HLA-J, and probably also between MICB and MICA [15,35-
39].

The polymorphic frozen blocks are linked to form haplotypes. A haplotype is a unique
combination of alleles from closely linked loci found on a single chromosome, often
having functional affinity [34]. The term ancestral haplotype (AH) has been used to
describe conserved population haplotypes that are transmitted over several generations
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Figure 2: Organisation of the MHC in polymorphic frozen blocks. The map demonstrates that the functional regions of the MHC
are structurally organised 1n various polymorphic frozen blocks Within these blocks recombination seems to be inhibited whereas the
boundaries of the blocks have been shown to be hotspots of recombination. Block boundaries according to References [15,35-39]
The exact boundaries of most blacks are yet ta be determined. Map not drawn to scale.

[40,41]. AHs have been shown to have a particular length and a unique content of alleles,

deletions and duplications [42].

The number of alleles identified for many expressed MHC loci is enormous. For example,
at some classical HLA loci more than 200 allelic variants have been reported [5]. Thus,
the number of haplotypes expected for the human population would be immense. The
number of haplotypes observed in populations is far below the theoretical expectations.
Certain alleles tend to occur together on the same haplotype rather than randomly segre-
gating. This allelic association 15 also termed “linkage disequilibrium™ [43]. A study of
a Caucasian population showed that at least 70% of the haplotypes found in this popula-
tion are accounted for by 30 AHs and their recombinants [44]. Hence, a relatively limited
number of AHs remained conserved during human evolution. Ancestral haplotypes have
been named using the HLA-B allele as this is the most polymorphic HLA locus (e.g. the
8.1 AH is named after the HLA-BS allele, and the 18.1, 18.2 and 18.3 AHs are charac-
terised by HLLA-B18) [45]. A list of ancestral haplotypes is shown in Table 1.

2.1.4 MHC ancestral haplotypes and associated diseases

The MHC is well-known for its association with numerous diseases, particularly autoim-
mune diseases like systemic lupus erythematosus, insulin-dependent diabetes mellitus
{(IDDM), myasthenia gravis, progression of HIV disease and IgA deficiency. Autoim-
munity is probably due to immune dysregulation and defects in self-nonself discrimi-
nation [56], which may lead to the activation of autoreactive T cells that have escaped

thymus negative selection.

A haplotypic association is usually stronger than an allelic association, which makes it

difficult to determine the MHC loci that are involved in the various diseases mapped to



HLA- Central ron-HLA HLA-
AH A Cw B C2 Bf C4dA C4B DR DQ Race Disease association Reference
7.1 3 7 7 C 5 3 L 15 6 C SLE, MS, CD, HM (40
7.2 24 7 7 C S 3+3 | 1 5 M
8.1 1 7 8 C ) Qo L 3 2 C [DEM, SLE, MG, IgAD.. [46,47]
13.1 30 6 13 C S 3 1 ki 2 C/M PV [48]
181 25 18 Qo S 4 2 15 6 C SLE, C2D [40]
182 30 5 18 C Fl 3 Qo 3 2 C [DDM (8ar) [40,49-51]
18.3 18 ) 3 1 11 7 C
152 11 4 35 C F 3+2 Qo 1 5 C HIV rapid progression [40,52]
353 1 4 s ] 3 Qo 1 5 C HIV rapid progression [40,52]
154 35 S 3 1 5
355 s ) 3 1 5
371 | 6 37 C F 3 1 10 C
181 26 38 5 2 | 4 8 C
421 2 42 C F 12-91 Qo 3 4 N
441 2 5 44 C S 3-3 Qo 4 7 C RA [40]
442 29 44 C F 3 1 7 2 C lgAD, CD [40]
443 29 44 ] Q0 1 7 2 M
444 33 44 C F 3 1 13 ] M
46.1 2 1 46 C ] 4 2 9 9 M MG (Th,S) [41]
46.2 2 i 46 C S 4 2 3 6 M
471 3 6 47 C F gl Qo 7 2 C 21D [40,53]
50.1 50 ¢ 507 2 [+2 7 C IDDM (I) [41]
S11 51 C F k! Qo 4 ] C
521 24 52 C 8 3+2 Qo 15 6 M
522 52 C FT 3 | 9 9 M 1DDM (J) [53]
54 ) 1 54 C ] 3 5 4 4 M IDDM (13 [51,54]
551 1 55 B S 4 5 14 c 21D (531
571 1 6 57 C S 6 1 7 9 C/IM/N  lgAD, PV [40,4]1,48]
58.1 33 3 58 S 3 Qo 3 2 M IDDM {Ch) [40,5¢]
582 33 58 F Q0 1 13 M
59.1 1 59 C S 3 5 9 9 M
60 | 3 60 C S k! 1 4 3 C
60.2 3 60 C S 3 Qo 8 4 C
603 2 3 60 C S Qo 2 13 6 C
6l 1 26 31 61 C S 3 1 9 9 M IDDM (1), RA [40,51,53]
62.1 2 3 62 C S 3 3 4 B C IDDM, RA [40,49-51]
622 162 B s 4 2 4 3 c IDDM [531
62.3 62 C F 3 1 13 6 C
624 Il 4 62 C S 3 1 1 M
64.1 8 64 C S 3 1 4 2 C
65.1 8 65 C s p3 1+2 1 5 C 21D, 1gAD [40,53]
65.2 8 65 C F 3 | 13 6 C

Table 1: List of ancestral haplotypes, their alleles and disease associations. Reproduced from Ref. [55].

LDDM, insulin-dependent diabetes mellitus, SLE, systemic lupus erythematosus, 21D, 21-hydroxylase deficiency; MG, myasthenia

gravis; MS, multiple sclerosis; 1gAD, IgA deficiency; RA, rheumatoid arthrits; PV, psonasis vulgans; CD, celiac disease; HM,
hemochromatosis; C2D, €2 deficiency; C, Caucaseid; M, Mongoloid; N, Negroid [45, 51], Ch, Chinese, 1, Indian; J, Japanese, 5,
Singapore; Sar, Sardiruans, Th, Thai, t, tentative assignment



the region of the MHC. Association between a particular MHC gene and disease may
therefore be due to the direct affect of a gene or can be caused by the effects of linked
genes carried by the haplotype.

The 8.1 AH is a particularly interesting haplotype as it has been extensively studied and
is associated with a number of autoimmune diseases. The 8.1 AH (HLA-Al, Cw7,
B8, C2C, Bfs, C4AQ0, C4B1, DRB1*0301, DRB3*0101, DQA1*0501, DQB1*(201)
is characterised by a C4A null allele, i.e. resulting in the lack of C4A protein [46]. Thus,
the 8.1 AH carries only one functional short C4B gene The consequences ansing from
the C4AQ0 allele include a prolonged persistence of immunising antigens and a reduced
clearance of circulating immune complexes. The 8.1 AH is especially common in north-
ern Europe, where it is the haplotype carried by most Caucasians who type for HLA-BS8.
Although this haplotype appears to contribute to a higher susceptibility to various autoim-
mune disorders, including insulin-dependent diabetes mellitus (IDDM), systemic lupus
erythematosus (SLE), myasthenia gravis, rapid progression of HIV infection and IgA
deficiency [47], over 10 million Europeans carry the 8.1 AH.

Various other ancestral haplotypes have been reported in association with autoimmune
diseases. For example, the 8.1 AH has an increased frequency in Caucasians with IDDM,
whereas in other populations the strongest association with IDDM has been found for the
18.2 AH (Sardinians), the 52.2 and 54.1 AHs in the Japanese population and the 50.1 AH
in Indians [41, 53]. In contrast, the 7.1 AH in Caucasians and the 52.1 AH in Japanese
are protective haplotypes and are rarely found in IDDM [51,53]. The 46.1 AH in Thai
and Singapore Chinese has an increased frequency in patients with myasthenia gravis,
and the 57.1 AH is associated with psoriasis vulgaris [41]. For an overview of ancestral

haplotypes and disease associations see Table 1.
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2.2 Complement system

The complement system is an important component of the immune defence against infec-
tion. 1t is a strong antimicrobial system and can respond to pathogens before an adaptive
immune respond has developed, but it is also essential for the operation of the antibody

mediated response [57].

Complement was first discovered in the late nineteenth century as a heat-labile compo-
nent of normal plasma and shown to have bacteriolytic activity [58]. Since then, more
than 30 distinct plasma and cell surface proteins have been identified [59], which in-
teract with each other resulting in a cascade of reactions. A number of complement
proteins are proteases that are themselves activated by proteolytic cleavage at sites of in-
fection. Complement activation results in the opsonization of pathogens for engulfment
by phagocytes, some complement proteins act as chemoattractants for phagocytic cells
and the terminal complement components damage pathogens by creating pores in the
bacterial membrane [60]. Activation of the complement system promotes the clearance
of immune complexes, and complement also participates in the regulation of the B cell
response to antigens [61,62]. Furthermore, complement opsonizes apoptotic cells for fast
clearance by phagocytic cells [63].

There are three distinct pathways through which complement can be activated. The clas-
sical pathway participates in antibody-mediated immune response or can be initiated by
the direct binding of complement components to pathogen surfaces [64]. The lectin path-
way uses mannan-binding lectin to recognise sugar residues that are present on the sur-
faces of many pathogens [65], and the alternative pathway is initiated by the binding of
spontaneously activated complement components to pathogens [66]. All three pathways
converge to initiate the assembly of the terminal components of complement to form
a membrane-attack complex (MAC), which creates pores in lipid membranes and thus
causes damage to target cells. Figure 3 gives an overview of the complement pathways.

As activation of complement results in a cascade of reactions in which a high degree of
amplification occurs, the system needs to be strictly regulated in order to prevent uncon-
trolled activation. Therefore, a large number of control proteins is required to specifically
protect host cells and allow complement activation to proceed on pathogen surfaces.

The importance of the complement system in host defence becomes evident when observ-
mg the severe symptoms caused by complement deficiencies. Patients with deficiencies
of classical pathway components for example have increased susceptibility to systemic
lupus erythematosus-like diseases and bactenal infections. Those patients with defects

in terminal complement components or the lectin pathway of complement activation are

11



particularly prone to neisserial infections [67].

Classical pathwav Lectin pathway Alternative pathway
Clq+Cls+Clr MBL + MASP-1+2 @4—' C3
| B
Ba —
C3}H,0)Bb
Cé+Cl —-—-\L— —— (3+8
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Figure 3; The complement pathways. Activauon of the complement systern occurs through three distinet pathways, the classical
pathway, lecuin pathway and alternative pathway, and leads to the assembly of the membrane-attack complex (MAC)

2.2.1 Classical pathway

The classical pathway plays a role in both innate and adaptive immunity. The first com-
ponent of the classical pathway is Clq, which is part of a large protein complex called C1.
Clq binds to the Cy2 domain of 1gG or the Cy;3 domain of IgM antibodies complexed
with antigen, and therefore links the humoral immune response to the complement sys-
tem [64] However, many other substances can also activate the classical pathway. These
include nucleic acids, gram-positive and gram-negatine bacteria, some viruses, soluble
immune complexes, C-reactive protein [68] and apoptotic cells [69].

The C1 complex comprises a single Cl1g molecule bound to two molecules each of the
zymogens Clr and Cls joined by Ca®*. Clq itself has a complex quaternary structure
with 6 tulip-like globular regions linked together by collagen-like stems [69]. The heads
bind to the Fc part of surface-bound antibody or directly to the pathogen surface, causing
a conformational change in Cir Subsequent activation of the autocatalytic enzymatic
activity of Clr results in cleavagc of Cls, Activated Cls then uses the next two compo-
nents of the classical pathway, C4 and C2, as substrates. Proteolytic cleavage of C4 leads

12



to the formation of a major fragment, C4b, and to the release of a smaller fragment with
anaphylotoxin activity, C4a. The conformational change results in the exposure of an
internal thioester in C4b, which is able to react with target surfaces. Covalently attached
C4b then binds C2 [70, 71], making it susceptible to cleavage by Cls to produce C2a
and C2b. C2a itself is an active serine protease and due to the binding to C4b it remains
on the surface of the pathogen. The complex of C4b2a acts as the C3 convertase of the
classical pathway, cleaving C3 to produce large amounts of C3b molecules. C3b binds
covalently through its thioester bond to adjacent molecules, which leads to the opsoniza-
tion of pathogen surfaces to mark them for destruction by phagocytes. C3b also binds to
the C4b2a complex forming the C5 convertase, C4b2a3b. C3b in this complex binds and
orients C5 for cleavage by C2a, resulting in the generation of C5a and C5b. C5a acts as
a mediator of inflammation, whereas C5b initiates the assembly of the membrane-attack

complex.

The small complement fragments C3a, C4a and C5a act on specific receptors to produce
local inflammatory responses. They are ofien referred to as anaphylotoxins, as production
of large amounts can lead to a syndrome called anaphylactic shock. C4a has the lowest
activity as mediator of inflammation, but all three peptides induce smooth muscle con-
traction and increase vascular permeability [72]. C3a and C5a also stimulate neutrophils,
eosinophils, phagocytes and endothelial cells at sites of infection.

2.2.2 Lectin pathway

The lectin pathway of the innate immune system is the most recently discovered pathway
of complement activation and is very similar to the classical pathway. The lectin pathway
uses a protein, called mannan-binding lectin (MBL), which is structurally related to Clq
of the classical pathway [73]. Mannan-binding lectin consists of three to six identical
subunits, each containing three identical chains with a globular carbohydrate recogmition

domain and a collagen-like region.

MBL binds specifically to terminal non-reducing sugars, mcluding N-acetylglucosamin,
mannose, fucose and glucose residues represented by a wide range of pathological bacte-
ria, viruses, fungi and parasites [74]. Like the classical pathway, complement activation
through MBL involves two serine proteases, called MBL-associated serine proteases,
MASP-1 and MASP-2. The amino acid sequence of MASP-1 and MASP-2 is closely
homologous to that of Clr and Cls, and all four proteins are modular serine proteases
exhibiting homologous structural organisation [73]. When MBL binds to pathogen sur-
faces, MASP-1 and MASP-2 are activated, resulting in the cleavage of C4 and C2. Thus,
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the C3 convertase of the lectin pathway is the same as the C3 convertase of the classical
pathway, and hence the rest of the complement cascade.

Recently, a third MBL-associated serine protease (MASP-3) has been discovered, which
shares domain organisation with the other two MBL-associated proteases. Also found in
the MBL complex is a small protein of 19 kDa referred to as MAp19, but no physiological
function has been reported yet [75].

2.2.3  Alternative pathway

The alternative pathway is considered phyiogenetically earliest of the complement path-
ways [76] and does not depend on a pathogen binding protein for its initiation. Instead,
the thioester bond in C3 is spontaneously hydrolysed to form C3(H,0). The confor-
mational change allows the binding of the plasma protein factor B to C3(H,0), which
in turn becomes cleaved by factor D. The large fragment, Bb, remains associated with
C3(H,0) to form C3(H,O)Bb, the fluid-phase C3 convertase of the alternative pathway.
The exposed thioester of C3b is highly reactive with a half-life significantly less than
one second [77]. Most of the activated molecules are neutralised by molecules in the
surrounding medium (especially water), however, some of the C3b molecules attach co-
valently to nearby target surfaces. Deposition of C3b to the surfaces of pathogens en-
hances the binding of more factor B, allowing its cleavage by factor D to yield the small
fragment Ba and the active protease Bb. This results in the formation of the C3 conver-
tase, C3bBb, which is stabilised by a positive regulatory factor called properdin. The
C3bBb complex rapidly cleaves yet more C3, thus establishing a positive feedback loop.
The addition of another C3b molecule to the C3bBb complex results in the formation of
the C5 convertase, C3b;Bb, which cleaves C5 and therefore initiates the assembly of the
terminal complement components to form the membrane-attack complex. However, the
monomeric convertase C3bBb has also been shown to cleave C5 without the help of an
additional C3b molecule, but has much lower affinity for C5 [78].

C3 is an abundant protein in plasma, and due its spontaneous activation the altemative
pathway has continuously low activity. To prevent complement activation on host cell
surfaces, a number of complement regulatory proteins are present in plasma and on host
cell membranes. For example, factor H preferentially binds to C3b bound to vertebrate
cells. When C3b forms a complex with factor H, it is rapidly cleaved by factor I to form
its inactive derivative iC3b. Decay-accelerating factor (DAF or CD55) and CR1 are both
linked to host cell surfaces and enhance the decay of the C3 and CS5 convertases [79, 80].
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2.2.4 Terminal pathway

The first step in the formation of the membrane-attack complex is the cleavage of C5 by
a C5 convertase to release the large fragment C5b and a small peptide, C5a, which acts as
a mediator of mflammation. While still attached to the cleaving enzyme, C5b binds one
molecule of C6, and the C5b6 complex then binds one molecule of C7. Binding of C7
induces a conformational change resulting in the exposure of a hydrophobic site through
which the complex can bind to lipid bilayers. C5b of the membrane-bound complex binds
to the B-chain of C8, and that allows the hydrophobic domain C8«y to insert into the lipid
bilayer. C8cry then binds the final component of the pathway, C9, which again leads to the
exposure of a hydrophobic site on C9 and also reveals a binding site allowing additional
C9 molecules to attach. Ten to 16 molecules of C9 polymerise to form a pore in the target
cell membrane, leading to the free passage of water and other small molecules across the
lipid bilayer. The eventual destruction of the pathogen is caused by the disturbance of
homeostasis, a change in ion gradient and the penetration of lysing enzymes into the cell.

2.2.5 Complement deficiency and associated disease

Activation of the complement system involves a cascade of several reactions. Therefore,
deficiency in one of the complement components can lead to a defect of the whole sys-
tem. Genetic polymorphisms and deficiency states have been described for the majority
of human complement proteins [67] and result in reduced protein level, abnormal protein
synthesis or complete lack of protein production. Deficiency of complement proteins
can be caused by inherited gene deletions, mutations that induce frame-shifts and lead
to premature stop codons or splice site mutations that interfere with the processing of
the mRNA. Depletion of circulating complement components may be caused by autoan-
tibodies against complement components, thus resulting in a secondary deficiency [81].
Insufficiency in the regulation of the complement cascade may also lead to unrestricted
complement consumption. The significance of complement in inflammation becomes
evident as patients with complement deficiencies almost invariably have increased sus-

ceptibility to infections and immune complex diseases [82].
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2.3 Complement component C4

The complement protein C4 is a non-catalytic subunit of classical pathway and lectin
pathway C3/C5 convertases. Covalent binding of C4 opsonizes antigens for phagouy to-
sis, enhances the solubilization of immune aggregates and is also involved n the clear-
ance of immune complexes through complement receptor 1 (CR1) on erythrocytes [83].
Human C4 is among the most complex and polymorphic molecules of the complement
system.

2.3.1 Cd protein

The C4 protein is synthesised from a 5.5 kb mRNA, and mainly expressed and secreted
in the liver as a ~ 200 kDA glycoprotein. However, biosynthesis of C4 has also been
reported in peripheral blood monocytes, skin fibroblasts, glomerular mesangial cells and
epithelial cells of the lung, intestine and kidney [84]. Synthesis of C4 at extrahepatic
sites may be important for local protection and inflammatory response. C4 expression
is regulated by the proinflammatory cytokine INF-y [85], whereas other cytokines, TNF-
o, [L-2 and 1L-6, were reported to have no effect on C4 levels. Stimulation with IFN-y
results in a two- to threefold upregulation of C4 protein synthesis, which is probably due
to an increase in mRINA stabiluty [84]
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Figure 4: Schematic structure of the C4 protein, The C4 molecules are composed of three disulfide-linked polypeptide chains: a
93 kDa ¢-chain, a 75 kDa B-chain and a 33 kDa y-chain. The thioester site i5s marked with a filled tmangle, whereas the open tnangle
identifies the 1sotypic residues. Glycosylation sites are indicated by an open circle, sulphation sites are marked by a filted circle.
tmercham disulfide bonds are represented by S-S.

C4 is synthesised as a single chain precursor protein and processed to a disulfide-linked
heterotrimer made up of a 93 kDa a-chain, a 75 kDa B-chain and a 33 kDa y-chain
(Figure 4) [86]. The C4 molecules found in plasma differ in size as the proteolytic cleav-
ages are incomplete reactions, although no decrease in functional activity of the partially
processed C4 molecules has been found [87]. Post-translational modifications also in-
volve sulphation at three tyrosine-O-sulphation sites and glycosylation at four N-linked
glycosylation sites (at residue 207 on the B-chain and residues 843, 1309 and 1372 on
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the a-chain) [83]. Upon proteolytic cleavage by Cls an internal thioester becomes ex-
posed in the c-chain of the major fragment C4b. Inactivation of C4b by protein factor [
in the presence of one of the cofactors, CR1 or C4BP, results in the formation of the C4d
fragment [88]. C4d is known to be the most polymorphic domain of C4.

A wide range of C4 concentrations has been observed in the blood plasma of different
haplotypes. Serum levels of C4 vary between 0.08 and 0.67g/1 [89]. The primary cause
for this variation is the different number of C4 alleles present on different haplotypes.
However, other mechanisms may also be involved as in general C4B proteins have a
higher abundance in the blood plasma compared to C4A protein levels [83]. Analysis of
different C4 allotypes has revealed that the C4B genes resulting in high expression levels
are ail short C4 genes (i.e. are 6.4kb smaller than long C4 genes). Therefore, it has been
sugpested that the rate of C4 transcription could be influenced by the length of the C4

genes

2.3.1.1 Isotypes

C4 exists as two isotypes, C4A and C4B. Although sharing 99% homology at the se-
quence level, they have different chemical reactivities and binding affinities towards anti-
gens and immune complexes. The activated form of C4A has a high binding affimity to
amino group containing substrates, whereas C4B preferentially forms a covalent ester
bond with hydroxyl groups [90]. C4B is much more hemolytically active than C4A due
to the high number of hydroxyl groups present on the surface of erythrocytes [90, 91].
Activated C4B is very reactive with a half-life of less than one second [92]. Therefore,
C4B activates the classical complement pathway specifically at sites of infection, and
hence plays an important role in the defence against infection. C4A functions more in
immunoclearance through binding to IgG in antibody-antigen aggregates or to antigens
of immune complexes [83]. Covalently bound C4A is then caught by erythrocytes and
phagocytes through CR1.

The structural differences that account for the functional properties of C4A and C4B are
determined by four isotype specific residues in the C4d region of the a-chain. C4A is
characterised by Pro-Cys-Pro-Val-Leu-Asp at residues 1101 - 1106, whereas Leu-Ser-
Pro-Val-Ile-His are found on C4B [56,91]. Experiments using site directed mutagen-

105 a5 the key residue responsible for the binding properues of

esis have identified His
C4B [93]. Also, the reaction mechanism of the internal thioester has been found to be
different for C4A and C4B. C4A binding occurs through a direct reaction between amino-
nucleophils and thioester, while a two-step mechanism accounts for the covalent binding

reactivity of C4B. First, the thioester is attacked by His!!% to form an acyl-imidazol
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intermediate. The released thiol anion acts as a base to catalyse the reaction between
acyl-intermediate and hydroxy! nucleophile, including water [92].

2.3.1.2 Allotypes

In addition to the isotypic variation, typing of C4A and C4B revealed more than 40 C4 al-
lotypes. The separation of C4 allotypes is mainly based on differences in electrophoretic
mobility and hemolytic activity. The most common allotypes in the Caucasian popula-
tion are C4A3 and C4B1. Other frequent allotypes include C4A2, C4A4 and C4A6 for
C4A and C4B2, C4B3 and C4B5 for C4B [56,94]. In total, 27 polymorphic residues
have been identified in the C4 protein sequence. However, only a relative small number
of C4A and C4B genes have been characterised at the DNA level. Serological typing and
DNA sequencing of C4A3, C4B1, C4B3 and C4B5 revealed that these allotypes are not
homogeneous and may be split into several subtypes [83,95,96]. Therefore, systematic
analysis of further C4 DNA sequences may elucidate similar heterogeneities for other C4
alloytpes.

2.3.1.3 Rodgers and Chido antigenic determinants

The Rodgers (Rg) and Chido (Ch) antigenic determinants detected on erythrocytes origi-
nate from the deposition of C4d fragments on erythrocyte surfaces [95,97]. Alloantibod-
ics against Rodgers and Chido antigens may be produced by blood transfusion recipients
who are deficient for C4A or C4B [83]. Two Rodgers (Rg! and Rg2) and six Chido (Chl
to Ch6) determinants have been defined as well as one rare antigenic determinant termed
WH [98-100].

Four polymorphic sites encoded within exons 25, 26 and 28 of the C4 gene account for
the sequential epitopes Rgl, Chl, Ch4, Ch5 and Ché (Figure 5). Rg2, Ch2, Ch3 and WH
are conformational epitopes resulting from the interaction of two polymorphic sites. Rg2
is only found in combination with Rgl and the hypothetical Rg3 epitope. The antigenic
determinants Ch4 and Ch5 form the second Chido epitope, Ch2, whereas Ch3 depends
on the presence of Chl and Ché on one C4 molecule. The low-frequency allele WH
is a result of the combination Rgl and Ché6 [101]. Generally, Rodger determinants are
associated with C4A and Chido determinants with C4B, but reversed antigenicity has

been observed for most determinants [95, 101, 102].
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Figure 5: Schematic representation of the Rodgers- and Chido-specific amino acid differences in the C4d region. The amiro
acid positions are shown at the bottom: The Rg3 determinant in parenthesis 1s not detectable dizectly by serology. Conformational
epitopes are marked by a horizontal l:ne, except for the WH epitope which is formed by Rgl and Ché

2.3.2 Cd genes

The complement C4 genes are arranged in tandem and are ~ 10 kb apart. Each C4 gene
consists of 41 exons, altogether encoding 1744 amino acid residues of the pre-pro-C4
molecule. Exon | codes for a 19 residues leader sequence as well as for the first 3 amino
acids of the B-chain. The proteolytic cleavage site for the §-a-chain junction is encoded
in exon 16. Exons 16 to 33 code for the a-chain, the anaphylotoxin domain C4a being
encoded by the exons 16 and 17. The sequences coding for the two factor 1 cleavage sites
are located in exon 23 and 30. Cleavage of C4b by factor I results in the formation of the
C4d fragment. The 291 amino acids of the y-chain are encoded by exon 33 to 41. The
first exon contains a 51 bp 5° untranslated sequence and the last exon includes 140 bp 3°
untranslated sequence [87].

Comparison of the regions upstream of the C4 genes of different C4 alleles revealed
an extensive conservation of the C4 promoter sequence [103, 104]. The 5° regulatory
sequence of the human C4A and C4B genes does not involve a TATA-box. Studies using
reporter gene assays found that maximal reporter gene expression is associated with the
sequence contained within the -178 to -39 region [105]. The Spl site and the three E-
boxes encoded in this region have been shown to be important for basal transcription of
C4 in HepG2 cells as site-directed mutagenesis of the Spl binding site (-57 to -49) results
in total loss of promoter activity. The E-box binding factors between -78 to -73 have been
suggested to be responsible for IFN-y induction of C4 gene expression [106].
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2.3.2.1 HERV-K(C4)

The C4 genes can be either long or short due to the presence of the endogenous retro-
virus HERV-K(C4) in intron 9 of the long genes. The length of the short C4 genes is
14.2 kb and the long C4 genes are 20.6 kb in size. Approximately 75% of the C4 genes
contain the HERYV insertion, 25% do not. The retroviral insertion is constantly present
in C4A genes, whereas C4B genes may be long or short [107]. HERV-K(C4) contains
a primer binding site for tRNA, two long terminal repeats (LTR) and the gag, po/ and
env genes [108]. HERV-K(C4) lies in opposite transcriptional direction with respect to
the C4 coding sequence. Therefore, transcription of the long C4 genes results in the pro-
duction of HERV-K{C4) antisense RNA. Antisense RNA specific for HERV-K(C4) has
been found in cells constitutively expressing C4 [109]. The expression of other retro-
viruses is down-regulated in these cells, suggesting that the endogenous retrovirus might
represent a cellular defence mechanism against further retroviral infections. It has also
been suggested that HERVs play a role in the transcription regulation of adjacent genes.
For example, expression of the human amylase gene is believed to be regulated by the
HERV-E insertion in the 5’-flanking region of the gene [110,111]. Retroelements like hu-
man endogenous retroviruses may also contribute to allelic variation by providing sites
for recombination and transiocation events [111,112]. Other studies have focused on the
potential involvement of HERVs in MHC associated diseases. However, no convincing
evidence has been provided yet. A study on insulin-dependent diabetes mellitus (IDDM)
in Germans could not reveal any preferential transmission of HERV-K(C4) to affected
offspring [113].

2.3.2.2 RCCX module

The C4 genes lie adjacent to the genes encoding the serine/threonine nuclear protein ki-
nas¢ RP, steroid 21-hydroxylase CYP21 and extracellular matrix protein tenascin TNX.
The four genes are usually duplicated together, and therefore form a genetic unit known
as RCCX module [114]. Duplicated RCCX modules are generated by the addition of a
long or short C4 gene, the CYP21A pseudogene or CYP21B gene, and the truncated gene
fragments TNXA and RP2. The three pseudogenes/gene fragments are located between
the two C4 loci and probably do not encode functional prateins. The truncated gene
segment TNXA corresponds to intron 32 to exon 45 of TNXB, but contains a 120 bp
deletion at the exon 36/intron 36 boundary resulting in a frame-shift and the generation
of a premature stop codon [115]. RP2 is also a partially duplicated gene segment and cor-
responds to the last two and one-half exons of RP1. The CYP21A pseudogene contains
three deleterious mutations (a 8 bp deletion in exon 3, a T nucleotide insertion in exon 7
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and a C to T transition in exon 8) that probably render the gene non-functional [114]. A
molecular map of a bimodular RCCX module is presented in Figure 6.

The human MHC varies in the number of RCCX modules with most containing two but
many containing one or three modules. The frequency of the RCCX modular variation
has been analysed in a study population of 150 healthy Caucasians. Seven different struc-
tures of the RCCX modules have been identified, including monomodular L (long) and
S (short), bimodular LL and LS, and trimodular LLL, LLS and LSS modules [94]. This
supports a dynamic ”1-2-3 loci” model for the human C4 genes in the Caucasian popula-
tion, rather than the two-loci theory proposed previously [56]. The C4A-C4B configura-
tion only accounts for 55% of RCCX haplotypes. Bimodular haplotypes carrying either
C4 isotype (C4A-C4A or C4B-C4B) have a frequency of 14%. The remaining 31% of
RCCX haplotypes occur as monomeodular (17%) or trimodular (14%) [94]. In addition,
two other rare RCCX length variants have been identified. A haplotype carrying four
long C4 genes (LLLL) has been reported in a CAH patient and in an Asian patient with
SLE. Bimodular RCCX modules with two short C4 genes (SS) have been found in two
white individuals and the native tribes of Brazil only [83]. Moreover, a recent study using
novel or improved techniques identified a quadromodular RCCX structure with a SLSL
configuration in a white patient with JRA, and a trimoduiar RCCX module expressing
three C4A3 proteins has been found in a white female [116,117].
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Figure 6: Molecular map of the human MHC class I11 complement region. A bimodular RCCX module (RP, complement C4,
sterond hydroxylase CYP21 and tenascin TNX) 1s shown The directions of gene transcription are indicated by horizontal arrows
Pseudogenes or parually duplicated gene segments are shaded. The negative signs for the intergenic distances between CYP21A and
TNXA and between CYP2 B and TNXB represent overlaps at the 3' ends of these genes Obtamed from Ref. f114].

The high frequency of trimodular and monomeodular structures may promote recombina-
tion or unequal crossovers between misaligned homologous chromosomes during meio-
sis. Recombination events further contribute to the diversity and polymorphism of RCCX
modules and may lead to the acquisition of deleterious mutations from pseudogenes or

gene frapments. Deletions of functional genes due to unequal crossovers have been re-
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ported in patients with CAH and JRA [94,114,115]. Recently, a de novo gene conversion
has been also descnibed between a C4A3a and a C4B1b gene resulting in a C4B5-like
protein [115].

2.3.2.3 C4A and C4B null alleles

Partial deficiency of C4A or C4B has been observed in all populations studied so far
and has a combined frequency of approximately 31% [83, 118]. In contrast, complete
deficiency of C4 is a rare condition and has only been reported in a small number of
individuals. C4AQQ and C4BQO0 alleles may be due to the presence of monomodular
RCCX modules with single C4A or C4B genes, or can be the result of C4A or C4B
homoexpression at bimodular C4 loci. Non-expressed C4 genes (pseudogenes) caused
by point mutations have a frequency of less than 1% [94].

A two base pair insertion (TC) has been identified after nucleotide position 5880 in exon
29 of C4AQ0 genes which leads to a frame-shift and generates a premature stop codon
in exon 30 [119]. Recently, this insertion has also been found in a C4BQO allele [120],
therefore providing the first molecular basis of a C4B pseudogene. It has been suggested
that the C4BQO gene could have been acquired from a C4A pseudogene by an unequal
cross-over or gene conversation event [120]. Characterisation of the non-expressed C4
genes in a patient with complete C4 deficiency detected a one base pair insertion in
exon 20 of one of the C4 pseudogenes [121]. Deletion of a cytosine at position 3317 or
3318 results in a premature stop codon, which terminates translation of the C4 transcript.
Another study investigating the molecular basis of complete C4 deficiency in a patient
with SLE identified a novel single C nucleotide deletion in exon 13 of a C4B gene,
causing a frame-shift mutation and premature termination [119].

C4A and C4B null alleles have a higher prevalence in patients with autoimmune or im-
mune complex diseases [122].

2.3.2.4 Nucleotide polymorphisms in the C4 genes

To date, a limited number of complete C4 DNA sequences have been published at Gen-
bank (http://www.ncbi.nlm.nih.gov/). Table 2 represents the nucleotide differences of the
C4 coding region derived from a comparison of complete C4 sequences and also includes
previously reported polymorphisms [83,87,104,119-121,123,124].

Twenty-seven polymorphic amino acid residues have been identified, most of which are
located in the C4d region of the a-chain. Four amino acid changes represent the isotype
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Exon Codon Substitutions Comment

2 63 Phe (C/T)

3 122 Leu/Val

9 328 Tyr/Ser

11 399 Val/Ala

12 458 Arg/Tip

12 459 Pro/Leu

12 476 Ala (C/T)

13 522 l-bp del (Cy  Detected in C4BQO genes

15 616 Cys/Ser

17 707 Pro/Leu

17 708 Asp/Asn

17 716 Cys (C/'T)

20 806 Val (C/T)

20 8I1 1-bp del (C)  Detected in C4AQ0 genes

21 853 Val/Ala

21 863 Gly (G/T)

21 B8E Ala/Thr

24 1018 Leu (G/T)

25 1054 Asp/Gly Rodgers and Chido antigenic determinant
26 1076 Gly (A/C)

26 1090 Ser/Tle

26 1091 GlvAla

26 1101 Pro/Leu Isotypic residue

26 1102 Cys/Ser Isotypic residue

26 1105 LewTle Tsotypic residue

26 1106 Asp/His Isotypic residue

28 1157 Asn/Ser Rodgers and Chido antigenic determinant
28 1159 Phe(C/T)

28 1182 Thr/Ser

28 1186 Ala(G/C)

28 1188 Val/Ala Rodgers and Chido antigenic determinant
28 1191 Lew/Arg Rodgers and Chido antigenic determinant
29 1213 2-bpins (TC)  Detected in C4AQ0 and C4BQO penes
29 1223 Ser(G/A)

29 1226 Pro(G/A)

29 1267 Ala/Ser

29 1281 Arg/Val

30 1286 Thr/Gly

30 1287 Val/Gly

30 1298 [le/Phe

33 t40labc  AspTyrGlu/-  Deletion includes a tyrosine sulphation site
34 1478 Tyr/Asp

40 1669 Leu(G/A)

Table 2: Polymorphisms present in the C4A and C4B coding sequence. Polymorphisms have been derved from a comparison
of complete C4 sequences available at GenBank. Polymorphisms reported in Ref [83, 87, 104, 119121, 123, 124] have also been

included
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specific substitutions and four are responsible for the Rodgers and Chido antigenic de-
terminants. The other polymorphic residues have been suggested to account for allotypic
variations of the C4 proteins. For example, the Arg to Trp change in codon 458 has been
suggested to be characteristic for the C4A6 allotype [123] and the Ala/Ser substitution at
position 1267 is specific for C4A3a and C4A3b, respectively. In addition, 11 nucleotide
polymorphisms are present in the coding region, that do not result in an amino acid
change. One 2-bp insertion and two 1-bp deletions have been detected in non-expressed
C4 genes. Moreover, a deletion of three amino acid residues (Asp, Tyr and Glu) has been
reported near the carboxy terminal end of the a-chain, which also includes a tyrosine sul-
phation site [87]. Nucleotide substitutions and single-base insertions and deletions exist
in the intronic sequence. The highest degree of polymorphism is found in intron 9 which
contains the retrovirus HERV-K(C4) in the long C4 genes [104].

2.3.3 (4 associated diseases

The complex organisation and great genetic diversity of human C4A and C4B genes
render C4 an excellent candidate gene for MHC associated disease studies. Partial and
complete deficiencies of C4A and C4B occur with increased frequency in patients with
autoimmune or immune complex diseases. For instance, complete C4A deficiency is al-
most invariably associated with systemic lupus erythematosus-like diseases [125]. How-
ever, also partial deficiency of C4A and/or C4B has been shown to be a risk factor for
the development of SLE [126-129]. Homozygous deficiency of C4B is associated with
susceptibility to recurrent viral and bacterial infections {130, 131]. In addition, insulin-
dependent diabetes mellitus (IDDM) [114, 120], IgA deficiency and commeon variable
immuno deficiency [132, 133], 1gA nephropathy and Henoch-Schonlein purpura [134],
autoimmune hepatitis [135], rapid progression of HIV infection [136, 137], sudden infant
death syndrome [138, 139], multiple sclerosis [140] and vitiligo [141] have all been sug-
gested to be associated with C4A or C4B null alleles. However, the disease associations
could be due to various effects and do not necessarily reflect a direct effect of C4 nulil
alleles on disease pathogenesis. C4 null genes could serve as a marker for other gamma

block genes or reflect the effects of linked genes carried by the haplotype.
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2.4 Recombinant mapping of disease susceptibility loci

A number of autoimmune diseases have been shown to be associated with various re-
gions of the major histocompatibility complex. However, linkage disequilibrium across
the MHC makes it extremely difficult to identify individual genes that contribute to dis-
ease susceptibility. One approach to determine disease susceptibility genes is based on
genetic mapping of recombinant ancestral haplotypes [142, 143]. The approach involves
the identification of useful markers that are specific for a disease associated haplotype.
Markers include polymorphic microsatellites, single nucleotide polymorphisms (SNPs)
and traditionally HLA alleles. HLA typing commonly involves typing for HLA-A, HLA-
B and HLA-DR alleles. The MHC is organised in polymorphic frozen blocks within
which recombination seems to be inhibited, whereas the boundaries of the blocks have
been shown to be hotspots of recombination. HLA-A is located in the alpha block, HLA-
B is located in the gamma block and HLA-DR is found in the delta block. However,
the region between HLA-B and HLA-DR also contains the gamma block which is not
represented by the classical HLA alleles. This region contains more than 50 genes, some
of which may be relevant in susceptibility to MHC associated diseases. Therefore, more
recently microsatellite and SNP markers have been used in recombinant mapping studies
in addition to the classical HLA markers. Microsatellites are highly polymorphic tandem
repeats occurring every 30-60 kb in euchromatic regions of the human genome [144].
More than 100 microsatellites have been described in the MHC region, most of which
are (CA), repeats [145]. Their abundance and high degree of informativeness make them
useful markers in disease mapping studies. In addition, a high number of haplotypic and
haplospecific SNPs have been identified within the MHC [146-148]. SNP markers in
the central region of the MHC have, for example, been identified in the BAT1 and TNF
genes [27,149,150] However, thesc genes are located at the telomeric end of the central
MHC, outside the gamma block. Few ot the genes located in the gamma block have been
characterised at the molecular level, resulting in a lack of well characterised molecular
markers for this region. By typing recombinant haplotypes for informative markers, the
region shared by all recombinant haplotypes found in the disease group can be identified,

and thus the region containing disease susceptibility genes.

Using similar approaches, several disease susceptibility genes have been mapped to the
region of the central MHC [47]. For instance, the class 11l regson haplotype D6S273,
HSP70c, Bat2 138, TNFo2 is a significant risk factor for the development of rheuma-
toid arthritis (RA) [151]. A study on Italian patients with myasthenia gravis identified
a region between the MHC class 111 genes C4 and TNF that might contain genes pre-
disposing to the disease {152]. Two regions of the central MHC have been shown to

contain genes that may affect IgA levels, and hence are associated with susceptibility to
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IgA deficiency [153]. Furthermore, deficiency of TN-X due to mutations in the TNXB
gene is a cause of Ehlers-Danlos syndrome [18]. Deletion of the CYP21 gene, which
leads to 21-hydroxylase deficiency, is a common cause of congenital adrenal hyperplasia
(CAH) [25].

In addition, susceptibility genes contributing to insulin-dependent diabetes mellitus have
been suggested to be located in the central region of the MHC [51, 154].

2.4.1 Insulin-dependent diabetes mellitus

Insulin-dependent diabetes mellitus (IDDM) is an autoimmune disease that results from
the T cell mediated destruction of the insulin producing pancreatic B cells [155]. The
disease can exist for years in a pre-clinical phase before the characteristic symptoms
of IDDM become evident [156]. These symptoms include hyperglycemia and an al-
tered glucose metabolism associated with vascular complications as well as neuropa-
thy. Several years before onset of IDDM, autoantibodies to 8 cell autoantigens can be
detected in the serum of patients. Anti-insulin autoantibodies are present in approxi-
mately 50% of patients with newly diagnosed diabetes [157]. In 70-80% of patients with
newly diagnosed IDDM, islet cell cytoplasmic autoantibodies are present that react with
antigens located in the cytoplasm of pancreatic islet cells. Their frequency in normal
subjects and non-diabetic relatives of patients with IDDM is 0.5% and 3-4%, respec-
tively [156]. Critical autoantibodies are directed against glutamic acid decarboxylase
(GADG65/67), ICAS512 and 1A-2]3 . Additional autoantigens seen during the development
of IDDM include carboxypeptidase H, HSP60, glycolipids and other less characterised
molecules [157]. Although autoantibodies play a major role in early diagnosis of [IDDM,
they appear to have no crucial pathologic role in the destruction of p cells. The component
of the immune system that triggers [ cell destruction is still unknown. However, some
important insights into the pathogenesis of [DDM have been obtained from animal mod-
els of diabetes [158, 159]. Studies of the non-obese diabetic (NOD) mouse have revealed
that both CD4 and CD8 T cells participate in B cell destruction. Furthermore, several
regulatory and proinflammatory cytokines, including IFN-y, IL-2 and TNF-o,, may have
an important pathogenic function [160].

2.4.1.1 Genetics of IDDM

IDDM is a polygenic disorder and a number of susceptibility loci have been identified.
However, even in monozygotic twins the concordance rate is only 50%, indicating the

importance of environmental factors in the development of the disease [161]. Although
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a number of environmental risk determinants, including viral infections, early infant diet
and toxins, have been suggested to trigger disease, most studies have failed to find an
association between these factors and anti-islet autoimmunity [162].

The genetic influences on the development and progression of IDDM are very complex,
with a combination of several gcnes contributing to disease. Random genome searches
have identified more than 15 susceptibility loci, termed IDDM1 to IDDM15 [163]. How-
ever, the most important genetic determinants are located within the major histocompat-
ibility complex on chromosome 6p21 (IDDM1). This region accounts for about 45% of
genetic susceptibility for the disease [164]. Another locus associated with IDDM is the
insulin gene region on chromosome 11p5 (1IDDM2), which contributes about 10% to the
familial inhentance of IDDM [165]. For most of the other putative IDDM susceptibil-
ity loci, contribution to familial risk is small and significant linkage has been difficult to
confirm in replicated studies [166].

2.4.1.2 MHC association

The association of the MHC region with IDDM has been known since the early 1970s,
however, the strong linkage disequilibrium between genes in the MHC has made it ex-
tremely difficult to identify individual genes [167]. Now however, it has been clearly
established that susceptibility or resistance to IDDM is associated with different MHC
class IT genes. HLA-DR4/DQ8 and HLA-DR3/DQ2 have been found to confer the high-
est risk of the disease in Caucasians. In contrast, HLA-DR15/DQ6 1s associated with
protection to IDDM [160]. While MHC class II haplotypes are the strongest genetic
determinants contributing to disease susceptibility. they do not explain all MHC assoct-
ations with IDDM {157]. Therefore, it has been suggested that central MHC genes may
be involved in modulation of the disease [3,51] Studies using single nucleotide poly-
morphisms (SNPs) and polymorphic microsatellite markers to map the boundaries of the
IDDM susceptibility locus in the central MHC found that the region between HLA-B and
TNF might be important [168—170]. However, few studies have included genes or mark-
ers within the gamma block, despite the high degree of polymorphism found for some
gamma block genes (e.g. C4A and C4B). This may be in part related to the restricted
number of defined SNP markers available for this region.

In addition, various ancestral haplotypes (AHs) have been identified that are increased
in patients with IDDM. Other AHs were found to be protective, As ancestral haplotypes
differ in their degree of conservation and frequency between ethnic populations, different
AHs are associated with IDDM in different populations [168]. For example, in Sardini-
ans the strongest association with IDDM has been found for the 18.2 AH [40], whereas
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in other Caucasian populations the 8.1 AH has an increased frequency in patients com-
pared to controls [46]. In addition, the 62.1 and 62.2 AH have been characterised as
diabetogenic haplotypes in Caucasians, whilst the 7.1 AH shows a negative association
with IDDM, i.e. is protective [40, 51]. In the Japanese, the 52.2, 54.1 and 61.1 AHs
confer high risk to the development of the disease. In contrast, the 52.1 AH is protective
in the Japanese [53]. In both Caucasians and Japanese, the 44.1 AH 1s neutral, giving an
example of a DR4 containing haplotype that is not associated with IDDM. Different dia-
betogenic haplotypes have been identified in other populations, for example the 58.1 AH
in the Chinese [40] and the 50.1 AH in Indians [41].
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3 Materials and methods

3.1 Characterisation of polymorphisms within 3.3 kb of sequence
3.1.1 Celllines

Twenty-four Epstein-Barr Virus (EBV)-transformed cell lines from the 4th Asia-Oceania
Histocompatibility workshop (4 AOH) [55] and the 10th Intemational Histocompatibility
Workshop (10IHW) [171] panel were used in this study. Cells have been typed at various
MHC loci, including HLA-A, HLA-B, HLA-C, C2, Bf, C4, HLA-DR and HLA-D(Q, and
were predicted to be homozygous for the MHC loci. The cell lings represent conserved
ancestral haplotypes, spanning different racial groups. A list of cell lines used in this
study is shown in Table 3.

AH Local 1D 10IHW 4A0H HLA-A HLA-C HLA-B CI Bf C4A C4B DR DQ

71 R86 012367 9082 100041B 3 7 7 C S 3 | 15 6
72 R87 004708 9130 1000422 24 7 7 C 5 343 | l 5
81 R85 001518 9132 100044V 1,24 & S Q0 | ] 2
13.1  R86012333 9048 100048M 30 6 13 C ) 3 | 7 2
i81 R860122%3 9008 1000504 25 18 Qo B 2 15 6
18.2 R85 005054 9135 100051Y 2,19 5 18 C Fl k! Qo ] 2
352 R8601229] 9606 100052W 11 4 35 C F 3+2 Qo l 5
38! RB6012311 9026 100009X 26 38 C § 2 1 4 3
421  RB6012306 9021 1000078 68,30 2 42 C F 12,91 Qo 18 4
44.1 R90009217 9090 100054% 2 5 44 C 5 343 Qo 4 7
442 R86012336 9051 100057K 29 44 C F k] 1 7 2
443 RB6012335 9050 100058H 29 44 5 Qo 1 7 2
444 R86012338 9053 100145P 33 44 C 5 3 | 13 6
46.1  R86 012361 9076 100059F 2 | 46 C ) 4 2 9 9
46.2  RB86 012351 9066 L00063R 2 L 46 C 5 4 2 8 6
47.1 R86012332 9047 100064F 3 6 47 C F 91 Q0 7 2
521 R87 004709 9142 100065M 24 52 C 5 342 Qo 15 6
54.1  RB8 015375 1060062T 24 | 54 C 8 3 5 4 4
551 R85 000862 1,10 3 55 S 4 5 6

57.1  R9202309] 9052 100084G 2 6 57 C 5 6 1 7 9
58.1  R92 020751 9157 1000874 33 k! 58 5 3 Q0 3 2
621 RB60I231l6 9031 1006720} 2 El 62 C 5 3 3 4 8
62.2  R90 026468 100074K 2 3 62 5 4 2 4 3
63.1 RB6 012364 9079 100002N 33 g 65 S 2 1+2 l 5

Table 3: Detailed description of the cell lines used in this study. Cell ines were chosen from the 4th Asia-Oceania Histocom-
patibility workshop {4AQH} and the 10th [ntemational Histocompatbility Workshop (10WS) panel. R88 015375 and R90 026468
were not included in the 10WS panel, R§5000862 was not included in the 4A0H and 10WS panels Blanks in the allele assignment
represent blanks in the deseription of these cell hines.
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3.1.2 DNA extraction

High molecular weight DNA was extracted from EBV cell lines using the QlAamp DNA
Mini Kit. 200 pl of cells (20 x 10° cells/ml) were mixed with 20 ul Protease K and
200 ul Buffer AL. The mixture was vortexed for 30 s to ensure sufficient lysis of cells
and incubated at 56°C for 10 min. Samples were centrifuged briefly, 200 pl ethanol
(99.5%) was added and the samples were mixed by pulse-vortexing for 30 s. The samples
were then transferred to QIAamp spin columns and centrifuged at 13000 rpm for 1 min.
Columns were placed in a clean 2 ml collection tube and washed with 500 pl Buffer AW 1.
The wash step was repeated using 500 pl Buffer AW2. The columns were then placed
in a 1.8 ml sterile eppendorf tube and 200 ul Buffer AE was added. After incubation at
room temperature for 5 min, DNA was eluted by centrifugation at 8000 rpm for 1 min.

Quantitation ot genomic DNA was performed on the Beckman DUS530 spectrophotome-
ter by measuring the optical density (OD) of a 1:10 DNA dilution at 260 nm. Purity of
DNA samples was assessed by determining the absorbance ratio A260nm/A280nm and
accepted if ratio was within target range of 1.5 and 2.0. DNA was stored at 4°C.

3.1.3 Co-amplification of C4A and C4B genes

Recently, a co-amplification approach of both C4 isotypes, C4A and C4B, was devel-
oped by David Sayer, The method covers the region from intron |6 to intron 28 of the C4
genes, which is 3.3 kb in size. This approach was used as screening method to identify
polymorphic positions within the C4d region of the C4 genes from different ancestral
haplotypes. In the previously performed study, 22 ancestral haplotypes have been de-
scribed (AHs 7.1, 7.2, 13.1, 18.1, 18.2, 35.2, 38.1, 42.1, 44.1, 44.2, 443, 44,4, 46.],
46.2, 47.1, 52.1, 54.1, 57.1, 58.1, 62.1 and 65.1, represented by the cell lines listed in
Table 3).

In the present study, two additional cell lines were characterised using the same approach.
These cell lines were R85 000862 and R86 012364 representing AHs 55.1 and 62.2,
respectively (see Table 3).

3.1.3.1 PCR

For amplification of the 3.3 kb of sequence spanning from intron 16 to intron 28 of the
C4 genes, six primer pairs were used: C4In16F/C4Inl19R, C4In19F/C4In20R, C4In20F/
C4In21R, C4Ex21F/C4In23R, C4In23F/C4In26R and C4In26F/C4In28R. The sequences
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of these primers are presented in Table 4. Each PCR reaction was carried out in a final
volume of 50 pl containing 625 ng genomic DNA, 12.5 pmol of each forward and reverse
primer, 10 pmol of each dNTP, 2.5 mM MgCl;, 10 mM Tris-HCI pH 8.3, 50 mM KCl and
| unit of Platinum Taq DNA polymerase. Thermocycling was performed in the Applied
Biosystems GeneAmp PCR System 9700 using the following PCR conditions: 1 cycle at
96°C for 6 min; 35 cycles at 96°C for 30 s, 65°C for 30 s and 72°C for 2 min; | cycle at
72°C for 10 min and a final hold at 4°C.

Primer ID  Sequence Sequ. tag  Fragment size
CdlnléF TCA CCC CCA CCT GGC CCT GCA G MIL3F

C4inl9R GGC CCA GAC AGG GTG ACA TC MI3R 606
CAln|9F TGT CTG GGC CTC AGG TGA CC MIL3F

C4Iln20R CTC CTG TAT GCT CAG GCT C MI13R 418
C4In20F GG CCT GTC CTC TAT AAC TAC C MI3F

CdIn21R AAC TCC AGG GAC AGA GTT GG MI3R 521
C4Ex21F CCA AGG TTC TGC AGA TTG AG MIL3IF

C4In23R AGG TCT GAG GAC TCT GTG TC MI3R 620
C4In23F TGA CAC AGA GTC CTC AGA CC MI3F

C4aln26R GTC CTC CGA CAG GCG CTT C MI3R 870
C4ln26F GAA GCG CCT GTC GGA GGA C MI3F

C4ln28R CCT CCT CTG AGT CTT CAT CC MI3R 563

Table 4: Oligonucleotide primers used for the amplification of the C4d region. All pnmers contain tags for sequencing with
MIL3F or M13R pnimers, respectively. Fragment sizes range between 400 bp and %00 bp

Amplification was checked by agarose gel electrophoresis. 5 pl of PCR product were
mixed with 3 pl of loading buffer type IV and loaded into a 1% agarose gel with ethid-
ium bromide. 5 ul of lambda plus DNA ladder were loaded in every gel as size standard.
Electrophoresis was carried out at 150 volts for approximately 30 min. DNA was visu-
alised under UV light and a pictures was taken.

The UltraClean PCR clean-up kit was used for punfication of DNA from PCR reactions.
500 pl of SpinBind buffer were added to each 50 ul PCR reaction, mixtures were trans-
ferred to spin filter units and centrifuged for 1 min at 13000 rpm. The liquid flow-through
was discarded and samples were washed with 300 pl of SpinClean buffer. For elution of
DNA, 100 p! of Elution buffer {1:2) were added to each spin filter unit and tubes were
centrifuged for 1 min at 13000 rpm. DNA was stored at -20°C until required.

3.1.3.2 Sequencing
DNA samples were sequenced using the Big Dye Terminator cycle sequencing kit. Se-

quencing reactions were set up in a final volume of 20 pl containing 2 pl purified PCR
product, 2 pl of sequencing primer (1 ng/ul), 7 ul of 2.5 x Sequencing buffer and 2 pl
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of Big Dye Terminator mix. Each PCR product was sequenced forward and reverse with
M13F and M13R sequencing primers, respectively (Table 5). Thermocycling conditions
were: 25 cycles at 96°C for 10 s, 50°C for 5 s, 60°C for 4 min and a final hold at 4°C.

Big Dye Terminator amplified products were precipitated with 125 ul 65% ethanol con-
taining 0.01 M NaOAc pH 5.2. After leaving samples for 15 min at room temperature
in the dark, DNA was pelleted by centrifugation at 3200 rpm for 45 min. To remove the
ethanol, tubes were inverted onto paper towels and centrifuged at 2000 rpm for 1 min.
Pellets were washed with 200 ul of 70% ethanol, centrifuged at 3200 rpm for 10 min,
tubes were inverted onto paper towels and inverted tubes were centrifuged at 2000 rpm
for 1 min. The wash step was repeated. DNA pellets were vacuum dryed for 3 min and
then stored at -20°C until required.

Further processing of samples was performed by the Westem Australia Genome Resource
Centre of the Department of Clinical Immunology, Royal Perth Hospital, including anal-
ysis of samples on the ABI 3100 sequencer.

Primer ID  Sequence
MI13F TGT AAA ACG ACG GCC AGT
M13R CAG GAA ACA GCT ATG ACC

Table 5: Sequencing primers MI13F and M13R,

3.1.3.3  Comparison of DNA sequences

The resulting sample files were transferred to a Macintosh system using the WS_FTP
Limited Edition program and converted to Macintosh format with the conversion pro-
gram File Type Win to Mac. Alignment of DNA sequences was performed with the MT
Navigator PCC program. Heterozygote codes were assigned according to the IUPAC

designation.

3.1.4 TIsotype specific sequence analysis

To separate C4A and C4B genes, two isotype specific PCR methods were developed.
The first PCR spans from intron 16 to the isotypic site in exon 26, the second covers the
region from the isotypic site in exon 26 to intron 28. This method was used to assign the
previously identified polymorphisms within the 3.3 kb of sequence (intron 16 to 28) to
either C4 isotype. All 24 cell lines listed in Table 3 were included in this analysis.
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3.1.4.1 Isotype specific PCR

The 2.7 kb fragment spanning from intron 16 to the C4A- and C4B-isotypic site in exon
26 was amplified with primers C4Inl6F and C4Aspec2R or C4Bspec2R, respectively
(Table 6), using the Expand Long Template PCR system. PCR reactions contained 500 ng
genomic DNA, 15 pmol of each primer, 17.5 pmol of each dNTP, 1.75 mM MgCl;,
2.6 units of enzyme mix, and were carried out in a final volume of 50 pl. PCR conditions
were: 1 cycle at 94°C for 2 min; 30 cycles at 94°C for 10 s, 65°C for 30 s and 68°C for
2 min; 1 cycle at 68°C for 7 min and a final hold at 4°C. The 0.6 kb fragment spanning
from the isotypic site in exon 26 to intron 28 was amplified with the forward primers
C4A26F and C4B26F, respectively, and reverse primer C4In28R (Table 6). A final vol-
ume of 50 ul containing 625 ng genomic DNA, 12.5 pmol of each forward and reverse
primer, 10 pmol of each dNTP, 2.5 mM MgCl,, 10 mM Tris-HC] pH 8.3, 50 mM KCI
and 1 unit of Platinum Taq DNA polymerase was reacted using the following conditions:
1 cycle at 96°C for 6 min; 35 cycles at 96°C for 30 s, 65°C for 30 s and 72°C for 2 min;
1 cycle at 72°C for 10 min and a final hold at 4°C.

To determine if a PCR product was present, 5 pl of each sample were resolved on a
1% agarose gel. PCR products were purified using the UltraClean PCR clean-up kit
as described above (sce 3.1.3.1). For use in sequencing reactions, DNA was eluted with
100 pl of Elution buffer (1:2) and stored at -20°C until required. PCR products for cloning
were eluted with 20-50 pl of Elution buffer (1:2) depending on the intensity of DNA
bands on the agarose gel.

Primer [D Sequence Sequ. tag  Fragment size
CalnleF TCA CCC CCA CCT GGC CCT GCA G MI13F
CdAspecZR  GCA CCT GCA TGC TCC TGT CTA A MI3R

C4Bspec2R  GCA CCT GCA TGC TCC TAT GTA T MI3R 2.7kb
C4A2aF GAC CTC TCT CCA GTG ATA C

C4B26F GAC CCCTGT CCAGTG TTA G -

C4Tn28R. CCT CCT CTG AGT CTT CAT CC MI3R 06kb

Table 6: Oligonucleotide primers used for isotype specific amplification of C4 genes. Primers C4AspecZR and C4A26F as well
as CdBspec?R and C4B26F bmd specifically to the 1sotypic site 1n exon 26 of C4A and C4B genes, respectively, Primers CdinléF
and C4[n28R are conserved pnmers.

3.1.4.2 Cloning
PCR products of samples representing ancestral haplotypes with more than one C4A

or C4B gene were cloned into the pGEM-T Easy vector to separate the genes. The
ligation reactions were set up in a final volume of 10 pul containing 5 pl of punfied PCR

33



product, 12 mM Tris-HCI pH 7.8, 4 mM MgCly, 4 mM DTT, 0.4 mM ATP, 2% PEG
and 50 ng pGEM-T Easy vector. Reactions were incubated over night at 4°C. 2 pul of
each ligation reaction were mixed with 50 pl of JM109 competent cells. Heat shock
transformation was carried out in a water bath at 42°C for 45 s and cells were returned to
ice immediately. 950 ul of room-temperature SOC medium were added to each tube and
cells were incubated for 1.5 hours at 37°C with shaking at 150 rpm. To obtain a sufficient
number of colonies, cells were pelleted by centrifugation at 1000 rpm for 10 min and
resuspended in 200 pl of SOC medium. 100 pul of each cell suspension were plated
on LB plates with ampicillin/IPTG/X-Gal and plates were incubated overnight at 36°C.
Transformants were screened for inserts by blue-white-selection. Successful cloning of
a PCR product into the vector usually results in white colonies due to the interruption
of the lacZ gene, which codes for B-galactosidase. Blue colonies are an indication for
vectors without an insert, but may also result from PCR products that are in-frame with

the lacZ gene.

The TempliPhi DNA amplification kit was used to extract and amplify DNA for cycle
sequencing. About 10 white colonies were picked from each plate and resuspended in
20 pl of sterile TE buffer. 1 ul of each cell suspension was transferred into tubes contain-
ing 5 ul of Sample buffer. Samples were denatured at 95°C for 3 min. After cooling to
4°C, 5 pl of Reaction buffer and 0.2 pl of enzyme mix were added to each sample. The
DNA was amplified at 30°C for 6 hours. The enzyme was then inactivated by heating the
samples to 60°C for 10 min. The amplified DNA was diluted 5 fold with TE buffer for

use as template in sequencing reactions and stored at -20°C until required.

3.1.4.3 Sequencing

Sequencing reactions were performed using the Applied Biosystems strategy for auto-
mated sequencing as described above (see 3.1.3.2). 2 ul of purified PCR product or 4 ul
of amplified vector DNA were used as template. Primers M13F and M13R (Table 5)
as well as internal primers C4In19R, C4In19F, C4In20R, C41n20F, C4In21R, C4Ex21F,
C4In23R, C41n23F, C4In26R and C4In26R (Table 4) were used as sequencing primers at
a concentration of 1 ng/ul. Primers were chosen to cover previously identified polymor-

phic sites.

3.1.44 Comparison of DNA sequences

Sample files were transferred to the Macintosh and analysed with the MT Navigator
PCC program as described above (3.1.3.3). Isotype specific sequences were compared
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to composite sequences and previously identified polymorphisms were assigned to either
C4 isotype.

The polymorphic sequences were used to generate a number of phylogenetic trees using
the MEGA software (Molecular Evolutionary Genetics Analysis version 2.1). Polymor-
phic sites located within the 3.3 kb of sequence (spanning from intron 16 to 28) were
used to construct the trees. Distances were calculated by the two-parameter method of
Kimura’ and phylogenetic trees were obtained by the neighbour-joining method (pairwise

deletion, Bootstrap analysis). The phylogenetic trees were not rooted.
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3.2 Identification of coding polymorphisms outside of C4d
3.2.1 Celllines and DNA extraction

The twenty-four EBV cell lines described under 3.1.1 were used in this study. All cell
lines represent different ancestral haplotypes from various ethnic origins. For a detailed
description of the cell lines see Table 3. DNA was extracted with the QlAamp DNA Mini
Kit as described under 3.1.2.

3.2.2 Amplification of coding regions

The most polymorphic region of the C4 genes was characterised as described under 3.1.
However, polymorphisms ¢coding for the variations observed at the protein level may also
be located outside this region. Therefore, a method was designed to identify polymor-

phisms in all further exonic regions.

3.2.2.1 Primer design

The complete nucleotide sequences of human C4 available at GenBank (accession num-
bers AL 662849, AL 049547, AL 645922, NG 000013, AF 019413 and M 59815) were
aligned to identify conserved regions within the polymorphic C4 genes. Primers were
designed to bind within these conserved regions using Primer3 software (freely available
at http://www-genome.wi.mit.edu/genome-software/other/primer3.html). Primer pairs
were chosen to span one or two exons cach, covering the coding regions from exon 1
to 16 and from exon 29 to 41. The size of the resulting 23 amplicons ranged from 250 bp
to 600 bp. All oligonucleotide primers were obtained from Geneworks. A list of the

primers and expected sizes of PCR fragments is presented in Table 7.

3.22.2 PCR

For each of the 23 regions, 625 ng of genomic DNA were amplified in a total volume of
50 pl. Each reaction contained 12.5 pmol of each forward and reverse primer, 10 pmol
of each dNTP, 2.5 mM MgCl,, 10 mM Tris-HCI pH §.3, 50 mM KCI and 1 unit of Plat-
inum Taq DNA polymerase. Amplification was performed in an Applied Biosystems Ge-
neAmp PCR System 9700. The reaction mix was denatured at 96°C for 6 min, followed
by 35 cycles at 96°C for 30 s, 65°C for 30 s, 72°C for 2 min and a final amplification
cycle at 72°C for 10 min. The reaction mix was held at 4°C until required.
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Primer ID  Sequence Sequ. tag  Frag, size  Melting temp.  Ind temp,

EIF GGA CAG GGT TAT TTC TGG GC -

EIR TCT CCC TCA CTC CTG AWAT CG - 375 62°C 64°C
EZF ATT CAG GAG TGA OGU Aus GO -

E2R GAT GAC ACT TAC AAG ACA GAT GGG - 349 61°C 62°C
E3F TTC TCC TTC CAC GTT TCT CC -

E3R GTT AAA GGT TGA GGC CCT GG - 330 62°C 63°C
E4+5F TCC CTC TGT GGA GTT TGA CC

E4+3R GGA GAG CCT AAC AGG AAT TGG - 376 62°C 63°C
E6F ATT CCT GTT AGG CTC TCC ACC -

E6R TCT CCT TCC ACC CTT ATT TCC - 3e 61°C 62°C
ETF TCT TTG AGC TGG AGT CTG ACC -

E7R CTIT CCC ATA GAT GTA CCT GTC G - 297 61°C -
ESF CAG TAT GAA TGG GCT CCT GC -

ESR ACT GAG TCT CCC ACC TCA CC - 254 61°C -
E9F GGG CTC CTA GAT GAG GAT GG -

ESR CTC AGA GGT CAG AGG CAA GG - 342 61°C -
E10+11F CTC CTG TCC CTC TCT TCT TGG -

EI0+1IR CAG GTG CGA ATA GGG TAG TAG C - 586 61°C 62°C
E12F CTA CCC TAT TCG CAC CTG ACC -

EI2R AGA GTG GTT GCC TCT TCA TGG - 323 62°C 63°C
EI13F AAG AGG CAA CCA CTC TTG TCC -

EI3R CTA AAT CCA TGC CCT GTT GG - 303 62°C 63°C
E14F ATA CCG GGA CTG AAG GAA GC -

E14R AGG AAG GAT ACA GAG CCA GG - 37 63°C 64°C
El5+16F CTG TGG TCT CCA TCT CCT GG -

E15-16R TGG AGA GCC CAA GCT ACT GC - 536 61°C 62°C
E29F TAT AAG CAG GGG TGG GTT GG -

E29R CCC TTG GTC TGA GGA CTa CC - 404 63°C 65°C
E30F ATT CCG CAG TAC CCA AGT AGG -

E30R AGT GOT TCA CCA GGG AGT GG - 291 62°C 63°C
E3IF CTT TGT GGA AAT GTG AGG TGG -

E3IR ACC AAC CCT GAG GTG TCT GC - 302 62°C 64°C
E32+33F ACA TGT CCC ACG TCC TCT CC -

E32+33R AGA CGT GTG AGC TGT CGT CC - 525 63°C 65°C
E34+35F ACG ACA GCT CAC ACG TCT CC -

E34+35R ATA CTC AGT AAA CCC GGT GCC - 337 63°C 64°C
E36+37F AGT GGG TCC CTC ATC TCT CC -

E36+37R GAA CCC ATC AGA CAG TGT GG - 469 63°C 64°C
E38F CAA OTA AGA GCA GAC TCT TGG C -

E3BR GTT GGT GTC AGA GCA AAC AGG - 366 63°C 64°C
E3°F TTT GCT CTG ACA CCA ACT TCC -

| Yo TCA CAC TTC CAG ATG GTC AGG - 249 61°C -

I i GCG AAG GTG GAA TGA GAG G -

L4UR AGG CAT CTG GCT TCT GAG G - 268 62°C -
E4lF TGT GCT CTC CGT TTC CAC C -

E4LR ACA CAG CAG TGC TTC CAG C - 276 63°C -

Table 7: Qligonucleotide primers used for the amplification of exons in non-C4d regions. Twenty-three primer pairs were used to
amphify the coding regions spanning from exon | to exon 16 and from exon 29 to exon 41. As these primers do not contain the M13F
or MI3R sequencing tag, they have been used for amplification of DNA in PCR and sequencing reactions. The expected fragment
size of all 23 PCR products 1s indicated Fragment sizes range between 250 bp and 600 bp. The melung temperature and the second
temperature shown in the last columns represent the temperature at which amplicons were analysed on the dHPLC.
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Isotype specific fragments spanning from exon 12 to the isotypic site in exon 26 were am-
plified using the Expand Long Template PCR system with E12F forward and C4Aspec2R
or C4Bspec2R reverse primers, respectively (Tables 6 and 7). PCR reactions contained
500 ng genomic DNA, 15 pmol of each primer, 17.5 pmol of each dNTP, 1.75 mM
MgCl,, 2.6 units of enzyme mix, and were carried out in a final volume of 50 ul. PCR
conditions were: 1 cycle at 94°C for 2 min; 10 cycles at 94°C for 10 s, 65°C for 30 s and
68°C for 2 min; 20 cycles at 94°C for 10 s, 60°C for 30 s and 68°C for 2 min plus an
extension of 20 s per cycle; | cycle at 68°C for 7 min and a final hold at 4°C.

5 ul of each reaction mix were resolved on a 1% agarose gel with ethidium bromide to

confirm the presence of amplification products.

3.2.3 Screening for polymorphic positions by dHPLC

Denaturing high performance liquid chromatography (dHPLC) is a methed for detect-
ing unknown single base substitutions and small insertions or deletions. Under non-
denaturing conditions, DNA fragments are separated depending on the size of the frag-
ment. Under partially denaturing conditions however, DNA sequence variations can be
detected. The HPLC system provides a rapid and highly sensitive method, and was there-
fore used to screen the coding region of the C4 genes for polymorphic positions. Samples

were analysed on the Varian Helix System.

3.2.3.1 Verification of product yield and purity

Unpurified PCR products of a reference sample were analysed under non-denaturing con-
ditions to determine the size, yield and purity of amplification products. 3 pul of each of
the 23 amplicons were injected and run at 50°C. The pUC18 standard was used to confirm
the size of the fragments. Fragment sizes detected on the instrument were compared with
expected fragment sizes for each amplicon to verify that the expected product is present.
For a list of fragment sizes see Table 7. PCR reactions were optimised to give a sharp,
single peak under non-denaturing conditions. The yield of PCR product was assessed
by measuring the absorbance at 260 nm and was accepted if intensity was greater than
30 mV,

3.2.3.2 Temperature optimisation

The sensitivity of the method is strongly dependent on the temperature at which the am-
plification products are analysed. Therefore, the DHPLCMelt software (freely available
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at http://insertion/stanford.edu/melt. html) was used to determine the optimum tempera-
ture for detection of sequence variation in each of the 23 amplicons. For a given sequence,
the DHPLCMelt software predicts the melting temperature and gradient conditions that
will resolve heteroduplexes on the dHPLC. The predicted melting temperatures for all 23
amplicons ranged between 61°C and 63°C. A list of all individual melting temperatures
15 given in Table 7.

However, some amplicons may have muitiple melting domains as GC-rich regions melt
at higher temperatures than AT-rich regions. Therefore, polymorphisms located in var-
ious positions along a fragment may be detected at different temperatures. To achieve
sensitivity of >96%, Jongs ¢t al. [172] recommend to run samples at two different tem-
peratures. These are the predicted melting temperature (T,,) and the predicted T,, plus
2°C. As high sensitivity was required in this study, all amplicons were analysed at both
recommended temperatures. In some cases, however, samples were melted completely
at the predicted T,, plus 2°C or resulted in peaks with an intensity of less than 15 mV
and could therefore not be interpreted. These particular amplicons were analysed at the
predicted T,, plus 1°C as second temperature. Six of the 23 amplicons could only be
analysed at one temperature as any further increase above the melting temperature re-
sulted in complete melting. The temperatures used for analysis of all 23 amplicons are

shown in Table 7.

3.2.3.3 Sample preparation

For analysis of unknown mutations on the dHPLC, it is necessary to mix each sample
with a known homozygous reference. The 8.1 AH (local ID R85 001518) was selected as
areference as it is predicted to be homozygous and has only one C4 gene. To confirm that
there are no heterozygous positions within the sequence of this sample, all 23 amplicons

were sequenced in forward and reverse direction.

For each amplicon, 5 pl of unpurified PCR product were mixed with 5 pl of the PCR
product of the 8.1 AH. Samples were denatured at 95°C for 4 min followed by slow
renaturation (decrease of temperature in 5°C steps to 65°C every 4 min) to facilitate
heteroduplex formation.

3.2.3.4 Analysis of samples

Analysis of samples was performed on the Varian Helix System. Prior to ¢ach run, per-

formance of the system was evaluated using the pUC18 size standard or an internal het-
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erozygote control. Given a sufficient resolution of the expected peaks, samples were
injected using the autosampler of the Varian Helix System. For each run, 3 pl of sample
were required. All samples were run at the temperatures indicated in Table 7 using the
methods univé1, univé2, unive3, univé4 or univ63. The universal methods are designed
for the analysis of amplicons with a size of 150 bp to 550 bp using the Varian Helix Col-
umn at a flow rate of 0.45 ml/min. DNA fragments were eluted from the column by an
increasing acetonitrile gradient. The gradient was created by mixing Buffer A (100 mM
TEAA pH 7.0, 0.1 mM EDTA) and Buffer B (100 mM TEAA pH 7.0, 0.1 mM EDTA,
25% (v/v) acetonitrile). For a detailed description of the universal program see Table 8.
Eluted DNA fragments were detected by the ProStar 310 UV detector at 260 nm and data
was stored by the Star software.,

Chromatograms of each sample were compared to the chromatogram of the homozygote
reference (8 | AH). Differences in the peak pattern of the sample/reference mixture in-
dicate heteroduplex formation. Heteroduplexes melt at the mismatch site, generating a
single-stranded region under partially denaturing conditions [173]. This results in lower
affinity to the column and therefore, heteroduplexes elute earlier than homoduplexes. The
heteroduplex peak can be observed as separate peak or as shoulder of the homoduplex
peak [174].

Time Buffer A Buffer B Flow rate  Detection

begin 000 min 55% 45% 045 ml/min 260 nm
0:30 min 50% 50% 045 ml/fmn 260 nm

6:00 min 25% 75% 0.45 mlimin 260 nm

7:36 min 55% 43% 0.45 ml/min 260 nm

end  9:00 min 55% 45% 0.45 ml/min 260 nm

Table 8: The universal method for analysis of PCR fragments (150 bp to 550 bp) on the JHPLC, DNA is cluted by an increasing
acetonitnle gradient and detected under UV Light. Buffer A: 100 mM TEAA pH 7.0, 0 1 mM EDTA; Buffer B: 100 mM TEAA
pH 7.0, 0.1 mM EDTA, 25% (v/+} acetonirrile.

3.24 Characterisation of detected polymorphisms

Samples that were identified to contain polymorphisms were further analysed by DNA
sequencing. 20 ul of PCR product were purified with the UltraClean PCR clean-up kit as
described under 3.1.3.1. DNA was eluted with 40 ul of Elution buffer (1:2). Sequencing
reactions were performed with the Big Dye Terminator Cycle Sequencing Kit using 2 pl
of purified PCR product as template. As PCR primers did not contain the sequencing tags

MI13F or M13R, the same primers were used in sequencing reactions at a concentration
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of 1 ng/ul. Thermocycling was performed in an Applied Biosystems GeneAmp PCR
System 9700 using the following PCR conditions: 25 cycles at 96°C for 10 s, 50°C for
5 s and 60°C for 4 min and a final hold at 4°C. Amplified products were concentrated
as described above (3.1.3.2) and further processed by the Western Australia (Genome
Resource Centre of the Department of Clinical Immunology, Royal Perth Hospital. The
obtained sample files were analysed with the MT Navigator PCC program (see 3.1.3.3).
DNA sequences of samples were aligned to the sequence of the C4B1 gene of the 8.1 AH
and checked for the presence of polymorphisms,
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3.3 Typing of a 62.1 specific single nucleotide polymorphism
3.3.1 Control subjects and IDDM patients

Control subjects were recruited from the Busselton Health study population. The Bus-
selton population has been characterised by a number of studies during the past 30 years.
Individuals were previously typed at various MHC loci including HLA-A, HLA-B, HLA-
C, C4, HLA-DR and HLA-DQ, although typing was incomplete for some individuals.

IDDM patients were recruited from patients attending the outpatient diabetes clinic at
Royal Perth Hospital (RPH), Western Australia. The 58 patients investigated in this study
were typed for HLA-A, HLA-B, HLA-DR and HLA-DQ, and some patients were also
typed for complement C4 and Bf.

3.3.2 Sequencing based SNP typing

Comparison of DNA sequences from ditterent AHs revealed a 62.1 haplospecific single
nucleotide polymorphism (SNP) in exon 17 (first base of codon 695) of the C4B3 gene
(see Table 13). To confirm that the SNP is haplospecific, nine C4B3 positive and ten
C4B3 negative control subjects were typed for the SNP allele by sequencing.

The region spanning from intron 16 to exon 26 was amplified by C4B specific PCR using
the Expand Long Template PCR System. PCR reactions contained 500 ng genomic DNA,
15 pmol of C4In | 6F forward and C4Bspec2R reverse primer (Table 6), 17.5 pmol of cach
dNTP, 1.75 mM MgCl,, 2.6 units of enzyme mix, and were carried out in a final volume
of 50 ul. PCR conditions were: 1 cycle at 94°C for 2 min; 30 cycles at 94°C for 10 s,
65°C for 30 s and 68°C for 2 min; 1 cycle at 68°C for 7 min and a final hold at 4°C. PCR
amplification was checked by agarose gel electrophoresis (see Section 3.1.3.1).

Sequencing reactions were performed using the Applied Biosystems strategy for auto-
mated sequencing (see 3.1.3.2). 4 ul of purified PCR product were used as template; the
M13F primer was used as sequencing primer. DNA sequences were analysed with the
MT Navigator PCC program (see 3.1.3.3).

3.3.3 SNP typing by PCR-SSP

SNP typing of patients and controls was carried out using an PCR-SSP typing assay.
PCR-SSP is a highly sensitive method that allows detection of one allele in the presence
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of an excess of another allele, which is very important as an individual can have up to six
C4 genes of which only one might have the SNP.

PCR amplification was carried out in a final volume of 20 ul. Reaction mixes contained
100 nz genomic DNA, 12.5 pmol of each C4E17AF and C4E17R primers (Table 9),
7.5 pmol of each HGH I and II primers (Table 9), 2.5 mM MgCl,, 10 mM Tris-HCl
pH 8.3, 50 mM KCI and 1 unit of Platinum Taq DNA polymerase. Amplification was
performed in an Applied Biosystems GeneAmp PCR System 9700. The reaction mix
was denatured at 96°C for 6 min, followed by 8 cycles at 96°C for 30 s, 70°C for 30 s,
72°C for 2 min, 10 cycles at 96°C for 30 s, 65°C for 30 s, 72°C for 2 min, 17 cycles at
96°C for 30 s, 70°C for 30 s, 72°C for 2 min, an amplification cycle at 72°C for 10 min
and a final hold at 4°C.

PCR products (20 ul) were mixed with 3 pl of loading buffer type 1V and resolved on a 1%
agarose pel with ethidium bromide. 5 pl of lambda plus DNA ladder were loaded in every
gel as size standard. The band at about 420 bp indicated adequate PCR amplification. The
presence of the A allele (first base of codon 695 of the C4B3 gene) was indicated by a
second band at about 200 bp.

The typing assay was developed by myself. SNP typing of IDDDM patients and controls
was carried out by Lydia Windsor.

Primer 1D  Sequence Fragment size
C4EI7TAF  GAC ACG TCT GCC CAT GAT GAG

C4EI7R ACC GTT CTG CCT TTC CAA G Ul bp
HGH I CAG TGC CTT CCC AAC CAT TCC CTT A

HGHII ATC CAC TCA CGG ATT TCT GTT GTG TTT C 414 bp

Table 9: Oligonucleotide primers used for PCR-SSP typing of a 62.1 haplospecific SNP. The CAEI7AF pnimer binds specifically
1o the A allele 1 exon 17 {first base of codon 695) of the C4B3 gene. The HGH primers were used as PCR controls.
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4 Characterisation of polymorphisms within 3.3 kb of

sequence

4,1 Introduction

Complement component C4 is one of the most polymorphic proteins of the comple-
ment system. There are two isotypic forms of C4, C4A and C4B, which show differen-
tial chemical reactivities and binding affinities towards target surfaces. Four amino acid
residues encoded within exon 26 have been shown to account for the isotypic differences
of C4A and C4B. Further variation comes from the Rodger and Chido antigenic deter-
minants encoded within exons 25, 26 and 28 of the C4 genes. In addition to this, typing
of C4 based on differences in electrophoretic mobility and hemolytic activity revealed
more than 40 C4 allotypes. However, there is limited DNA sequence information and
the sequences which encode specific C4 allotypes have not been described. Serological
typing of C4 proteins has shown that some common C4 allotypes can be split into several
subtypes. Characterisation of C4 gene sequences might reveal an even greater level of
polymorphisms, as has been observed in other studies of HLA gene polymorphisms.

The C4 genes are located in the central regon of the MHC. As many MHC associated
diseases have been mapped to the central region of the MHC, this region is of special
interest. Previous studies have examined the role of several genes located within this
region, but few studies have included C4, despite the high degree of C4 protein poly-
morphism. This may be in part related to the technical dithculties associated with C4
allotyping. Therefore, elucidation of the C4 variations at the DNA level would facilitate
investigations into the role of C4 and other genes in the central region of the MHC with
MHC associated diseases.

The aim of the present study was to systematically characterise the heterogeneity of the
C4 gene sequences. Novel approaches were used for the detection of polymorphisms on
a panel of extensively characterised standard homozygous DNAs. DNAs were chosen
to represent various C4 allotypes from a range of different ancestral haplotypes (AHs),
spanning all racial groups. Due to the modular variation of RCCX modules, each AH
carries between one and three C4 genes. The C4 allotypes represented by the various
AHs include six different C4A and four different C4B allotypes. A detailed description
of DNAs used in this study is shown in Table 3.

Comparison of published DNA sequences from different C4 allotypes had identified the
region spanning from intron 16 to intron 28 to be the most polymorphic. Therefore,
a method was de~igned to characterise the pelymorphisms present in this region. The
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approach covered 3.3 kb of sequence, including the isotype specific sites in exon 26 and
the Redgers and Chido antigenic determinants in exons 25 and 28.

4.2 Co-amplification of C4A and C4B genes

A novel approach, developed by David Sayer, was used to identify polymorphic sites
within 3.3 kb of sequence. The approach is based on co-amplification of all C4 genes
present on a haplotype and subsequent sequencing of PCR products. The co-amplification
approach invoives screening of C4A and C4B eenes for polymorphisms as the separation
of the C4 genes is difficult due to the high sequence homology of C4A and C4B. DNA
sequencing was used as polymorphism screening assay because it also allows quantitative
analysis of mutations. PCR amplification produced 6 overlapping amplicons, spanning
the region from intron 16 to intron 28 (see Figure 7). PCR products were sequenced
forward and reverse with BDT, and DNA sequences were analysed for the presence of
nucleotide polymorphisms. Using this approach, 22 DNAs have been characterised. In
the present study, two additional DNAs from 55.1 and 62.2 AHs were included.

Exons C4 16 17 18 19 20 21 22 24 25 26 17 18 22
) 16F 19R 20F IR 1IF 26R
| Co-amplification
. 19F  10R ¥ IR 26F R
i F
| Isotype specilic 16 ABspec2R

amplification _—

A/BUGF 4R

Figure 7: PCR amplification of 3.3 kb of sequence. The region spanning from mtron 16 to intron 28 was screened far poly-
morphic posttions using a ca-amplification approach. Polymorphisms were assigned to either C4 isotype by C4A and C4B specific
amplification.

All sequences were compared to the C4B1 gene of the 8.1 AH. Table 12 represents se-
quence differences detected within the 3.3 kb of sequence. All together, 35 polymorphic
sites have been identified, including 19 intronic and 16 exonic nucleotide differences.
Exons 26 and 28, known to code for the isotype specific residues and Redgers and Chido
antigenic determinants, were found to be the most polymorphic exons. Outside the C4d
region (which spans from exon 23 to exon 30), 6 exonic differences have been identified
(in exons 17, 19, 20 and 22). The nucleotide differences in exons 17 and 21 resulted in an
amino acid change. The other three polymorphisms observed in the non-C4d region did
not result in an amino acid change. Intronic sequence differences included 17 nucleotide
substitutions and two 1-bp deletions (relative to the 8.1 C4B1). The highest degree of in-
tronic polymorphism was seen in introns 19 (7 polymorphic sites) and 21 (4 polymorphic
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sites.) Other intronic differences were located in introns 17, 20, 23 and 28. Interestingly,
no polymorphism was found in any of the introns spanning the polymorphic exons 25
to 28, which encode the isotypic and Rg/Ch specific residues. However, this correlates
with initial findings by Ulgiati et al. [104], indicating that these introns show a very low
degree of polymorphism.

(@) T G A 3 A ) i G W i A © T G W T

A\
\ / [ A /\ N\ N\
\ !:{ I\ f\\ .‘.f" ,“"‘%‘/t \ ! / \'-‘

Figure 8: Electropherogram of composite DNA sequences. The PCR approach involves co-amplification of C4A and C4B genes,

and therefore DNA sequences are composite sequences. DNA sequences of AHs carrying different C4 copy numbers are shown: (a)
8.1 (one C4 gene: C4B1), (b) 46.2 (two C4 genes: C4A4, C4B2) and (c) 65.1 (three C4 genes: C4A2, C4B1, C4B2).

Sequences were further analysed to confirm that the number of C4 genes expected from
the description of the AHs correlates with the nucleotide pattern observed in the sequence
electropherograms. The PCR approach applied here, included co-amplification of all C4
genes present on a haplotype. Therefore, all sequences shown in Table 12 were compos-
ite sequences. Some of the polymorphisms detected within the 3.3 kb of sequence were
present on all C4 genes of a haplotype, whereas others were only found on part of the C4
genes. Analysis of relative quantities of nucleotide peaks in sequence electropherograms
allowed estimation of the number of genes that showed the polymorphism. An example
is given in Figure 8. At the polymorphic site shown, AHs 46.2 and 65.1 hadan A to T
substitution on part of their C4 genes. While the A and T nucleotide peaks of 46.2 were
identical in height, the T nucleotide peak of 65.1 was reduced to about half the intensity
of the A nucleotide peak. The 46.2 AH carried two C4 genes, C4A4 and C4B1, one of
which had a T nucleotide at the polymorphic positions shown in Figure 8, whereas the
other gene had an A nucleotide. In contrast, the 65.1 AH had three C4 genes (C4A2,
C4B1 and C4B2). Analysis of the relative nucleotide quantities of this haplotype showed
a 2:1 ratio for the A to T substitution, suggesting that the A nucleotide was present on two
of the C4 genes and the T nucleotide on the third C4 gene. Thus, quantitative sequences
reflected the C4 copy number of both haplotypes. A similar pattern of relative nucleotide
quantities was found at most other polymorphic sites of 46.2 and 65.1. Sequence analysis
of all other AHs with two C4 genes showed comparable intensities of nucleotide peaks
at heterozygous positions. In addition to 65.1, there was one other AH with three C4
genes. The 7.1 AH had C4A3, C4A3 and C4BI1. Quantitative sequence analysis of this
haplotype showed a 2:1 ratio of nucleotide intensities at heterozygous positions, again re-

46



flecting the C4 copy number of the haplotype. No heterozygous positions were found on
AHs predicted to have only one C4 gene. These AHs had either C4A specific sequences
(i.e. encoding Pro'%, Cys'!"2, Leu!%, Asp!19) or C4B specific sequences (i.e. encod-
ing Leu'%1, Ser!102 [1e!1% His!!%) at the isotypic site in exon 26, suggesting that the
C4AQO and C4BQO alleles of these haplotypes were due to gene deletions rather than the
presence of pseudogenes. Thus, quantitative sequences reflected the C4 copy numbers
expected from the description of the AHs, suggesting that no additional genes (i.e. genes
not included in the description of the AHs) were present in our samples.

In summary, this study confirmed the presence of the isotype specific sequences in exon
26 of the C4 genes. The polymorphic sites within 3.3 kb of sequence were identified,
with most polymorphisms being located in the introns. However, the polymorphisms
could not be correlated with the different C4 allotypes and hence, additional studies were

required to identify the allotype specific sequences.

(a) 8.1 18.2 46.2 (b) 8.1 18.2 46.2
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Figure 9: Isotype specific amplification of C4 genes, PCR amplification (a) from intron 16 to the isotypic site in exon 26, and (b)
from the isotypic site in exon 26 to intron 28. Amplification with C4A specific primers is shown in lanes 2, 4 and 6, C4B specific
primers were used in lanes 3, 5 and 7. Specificity is demonstrated using three different DNAs: 8.1 AH (C4AQ0, C4B1), 18.2 AH
(C4A3, C4BQO) and 46.2 AH (C4A4, C4B2).

4.3 Separation of C4A and C4B genes

The polymorphisms identified within the 3.3 kb of sequence were further analysed by
isotype specific amplification of C4. Two PCR methods were designed to separate C4A
and C4B genes, the first spanning from intron 16 to the isotype specific region in exon
26 and the second spanning from exon 26 to intron 28 (see Figure 7). The specificity of
the primers was tested using DNA from 8.1, 18.2 and 46.2 AHs. The 8.1 AH carries a
C4B1 gene and has a deletion at the C4A locus, 18.2 has a C4A3 gene, the C4B gene is
deleted, and 46.2 carries both C4 isotypes (C4A4 and C4B2). The results of the isotype
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specificity are presented in Figure 9 and demonstrate that specific primers only amplified
in the presence of the respective C4A and C4B isotypic sequence on the haplotype. By
sequencing the specific PCR products, the previously identified polymorphisms could be
assigned to either C4 isotype. As demonstrated in Figure 10, composite sequences could
be split into C4A and C4B specific sequences. However, some AHs carried two C4A or
two C4B genes, and hence the genes could not simply be separated by isotype specific
amplification. Therefore, PCR products of these haplotypes were cloned to separate the
genes. A comparison of all separated sequences is presented in Table 13.
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Figure 10: Electropherogram of isotype specific DNA sequences. Polymorphic positions were identified by co-amplification (a)

of C4 genes. C4A specific (b) and C4B specific (¢) amplification was used to separate sequences at polymorphic sites.

4.4 Rodgers and Chido antigenic determinants

The sequences of the C4A and C4B genes were analysed for the presence of Rodgers
and Chido determinants. Rodgers and Chido antigenic determinants can be detected on
red blood cells and result from the deposition of C4d fragments on the cell surface. All
together, two Rodgers, six Chido and one rare determinant called WH have been de-
scribed. The Rg/Ch determinants are encoded by four polymorphic sites located in exons
25, 26 and 28 (illustrated in Figure 5). In general, Rodger determinants are associated
with C4A and Chido determinants with C4B. A list of the Rg/Ch determinants identified
by sequence analysis of all C4 genes included in this study is shown in Table 10.

Both Rodgers and all six Chido determinants could be identified in our samples. The low-
frequency allele WH was present on four C4A3 genes of 18.2, 44.1, 52.1 and 58.1 AHs,
which is consistent with previous findings of C4A3 WH™ phenotypes [98]. In addition,
the WH antigen has been reported on C4A2, C4A5 and C4BS5 allotypes [98,100]. How-
ever, none of the four C4A2 genes included in our study had Asn!'%7, Val'1# and Leu!!®’,
which in combination encode the WH determinant. Also, the two C4B5 genes of the 54.1
and 55.1 AHs were WH™. Analysis of the C4B genes showed that most C4B allotypes
were Rg~ and Ch™", as would be expected for C4B. Rodger determinants could only be
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Re/Ch specific amino acids Antigenic determinants

n 58880 &G
Allele = = = = = Z Z X Ri Ch WH  Ancestral hapiotype
CaraZ D P C L DNV L 1,2 - - 352
C4a2 G P C L DNV L 1,23 5 - 38.1, 52.1,65.1
C4A3 DPCLDNVL LLH® - - 7.1,7.2,13.1,35.2,44.1,442,44 4,54 1 62 ]
C443 D P C L D S V L ! 6 WH  18.2,44.1,52.1,58.]
C444 D P C L DNV L 1,23 . . 18.1,46 1,46 2, 55.1, 62.2
C4a6 D P CLDNVL 1,2, - . 57.1
C4A12 D P C L DS AR - 1,3,6 . 42.1
C4nl G P CL DS AR 1,3,5.6 - 42.1,47.1
CBI G L ST HS AR 1,2,3,4,56 - 71,7.2,8.1,38.1,442443, 44 4
C481 G L S T HNAR (3 1,2,4,5 - 13.1,57.1,65 |
€482 DL S I HS AR 1,346 - 18.1,46.1,46.2,62.2, 65 1
CaB3 G L S L HS AR 1,2,3,4.56 - 62.1
€45 DL S 1 HS AR 1,3,46 - 54.1,55.1

Table 10: Rodgers and Chido antigenic determinants for various C4 allotypes. C4 allotypes are shown on the left, the AHs
carrying these aliotypes are indicated on the nght The Rodgers 3 determinant shown in parenthests is a hypothetical allele and 15 not
detectable directly by serology.

detected on three C4B1 genes (AHs 13.1, 57.1 and 65.1), which had Asn!'%" correspond-
ing to the hypothetical Rg 3 determinant. In contrast, reversed antigenicity was found
for two C4A allotypes, C4A12 and C4A91. Both allotypes were Rg™, but expressed
Chl,3,6(C4Al12)and Ch 1, 3, 5, 6 (C4A91)}, respectively. It is notable that C4A12 and
C4A91 share the isotype specific residues Prot!®l, Cys!!%?, Leu!!% Asp'' with other
C4A allotypes, but resemble C4B allotypes with respect to their electrophoretic mobility.
All other C4A allotypes were Rgt, and most were Ch~. Chido determinants were found
on three C4A2 genes, which had Gly!%3* characteristic for the Ch 5 determinant. Ch 6
was found on the four WH™ C4A3 genes.

As shown in Table 10, some C4 allotypes could be split into several subtypes based on
the presence of different Rg and Ch antigenic determinants. For example, C4A2 on the
35.2 AH carried Rg 1, 2 and 3, whereas C4A2 on 38.1, 52.1 and 65.1 AHs expressed Ch 5
in addition to Rg 1, 2 and 3. Similarly, C4A3 could be divided into two subtypes as ten
of the C4A3 genes had Rg 1, 2 and 3, and the other four C4A3 genes carried Rg I, Ch 6
and the WH determinant. Of the C4B allotypes, C4B1 could be split due to the presence
of two different Rg/Ch combinations. These findings are consistent with previous reports
by Blanchong et al. [83] suggesting that some C4 allotypes are not homogeneous and
may be split into several subtypes by serological typing. Roos et al. [95] found, that
C4B5 could be subdivided into C4B5 Rg* and C4BS Rg~ by serological Rg and Ch
typing. However, the C4B5 genes included in our study were both Rg=. The C4B5
Rg™ haplotypes identified by Roos et al. had HLA-B60, C4A4, C4B5, DR4, whereas
our C4B5 Rg~ genes were present on the 54.1 AH (HLA-B54, C4A3, C4B5, DR4)
and 55.1 AH (HLA-B55, C4A4, C4B5, DRI14). This is consistent with the C4B5 Rg~
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haplotypes identified by Roos et al. which had HLA-B35, C4A4, C4BS5, DR4; HLA-
B47, C4A4, C4BS, DRS or HLA-B5S5, C4A4, C4BS, DR4. Aside from C4BS35, it has
been reported that three other common allotypes, C4A3, C4B1 and C4B3, may be split
into subtypes [83]. These finding could be confirmed for C4A3 and C4B1, as Rg and Ch
analysis of our samples revealed two C4A3 and two C4B1 subtypes. In addition to this,
the present study revealed that C4A2 genes are not homogeneous and may be split into
two subtypes on the basis of different Rg and Ch determinants.

4.5 Comparison of allotypic sequences

Sequences of all individual C4 allotypes were aligned to further investigate the pres-
ence of sequences which encode the allotypic variation seen by protein electrophoresis.
However, apart from the isotype specific residues and the residues encoding the Rodger
and Chido determinants, there were only three additional nucleotide substitutions present
within the 3.3 kb of sequence that resulted in an amino acid change. Of the three amino
acid changes, one was found on the C4B3 gene of the 62.1 AH (arginine to serine substi-
tution at residue 695). This change was not found on any other C4 gene, suggesting that it
might be specific for the C4B3 allotype which is only present on the 62.1 AH. Therefore,
this arginine to serine substitution might account for the distinct electrophoretic mobil-
ity of the C4B3 allotype. Another amino acid change was identified at residue 710 of
the 55.1 C4B5 gene (arginine to tryptophan substitution). However, this change was not
present on the C4B5 gene of the 54.1 AH, and hence, does not explain the electrophoretic
mobility of the C4B5 allotype. The amino acid change in exon 21 (residue 888) resulted
in a threonine residue being replaced with an alanine. The threonine residue was present
on the 7.1 C4B1 gene, the 8.1 C4B1 gene and on the C4A2 or C4A3 gene of'the 52.1 AH.
As the threonine to alanine substitution was only found on two of the ten C4B1 genes
included in the study, and in addition was also present on a C4A2 or C4A3 gene, this

change does not explain allotypic separation of C4.

To examine whether intronic sequences reflect the allotypic separation of C4 proteins,
DNA sequences of all C4 genes included in the analysis were sorted according to their
C4 allotype. A list of C4B1 and C4A3 intronic sequences is shown in Table 11. Compar-
ison of nine C4B1 genes revealed eight unique intronic sequences. Apart from the two
sequences of the 13.1 and 57.1 AH, all other C4B1 sequences were found to be unique.
Similarly, comparison of C4A3 intronic sequences revealed that the C4A3J allotype, as
defined by serology, can be split at the sequence level. Comparison of thirteen C4A3 se-

quences from different AHs identified seven unique combinations of nucleotides at poly-
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2ET S8R9 YTsaxE8Es8S0
C2 Bf C4A C4B AH Allele K AR R R R ZRRETI2CIT o8&
€ 5 Q0 1! 81 €48 CTGAGGATGGCATCGCGG -
C 5 3 171 C4Bl C T
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C S 3 5 541 C4A3 DAL LG ... . CC
cC s 3 Il 7.0 C4A3 DAL c . T . C¢C
C § 43 Q0 441 C4A3.I A . cc
C F 243 Q0 352 C4A3 A . . cc¢
C F 3 | 444 C4A3 A . . CccC
C § 343 | 72 C4a31.l DAL . CcC
C S 343 | 72 C4A32 . LA cc
C 8§ 3 3 621 C4A3 . . . . . A . A . cc

Table 11: Comparisen of C4A3 and C4B1 sequences from different AHs. Only immonic pelymaorphisms are shown. Allotypes
defined by serology can be split at the sequence level. There are at least § omique C4BI1 and 7 umique C4A3 sequences.

morphic sites. It is notable, that some C4B1 genes are identical to C4A3 genes within
the introns. For example, the C4B1 gene of the 44.3 AH shares the intronic sequence
with the C4A3 gene of the 44.2 AH. The intronic sequence of the 7.1 C4B1 gene is iden-
tical to the intronic sequences of the 7.2, 35.2, 44.1 and 44.4 C4A3 genes. In addition,
the 13.1 and 57.1 C4B1 genes and the 18.2 and 58.1 C4A3 genes had identical intronic
sequences. Sequences of all other C4 allotypes are listed in Table 14 and demonstrate
that most C4 allotypes are not homogeneous at the DNA sequence level and may be split
into subtypes. For example, sequence analysis of the C4B2 genes revealed two distinct
C4B2 sequences. In addition, it was found that C4A2 genes are not homogeneous as
DNA sequences revealed at least three unique combinations of alleles. Of the four C4A4
genes included in the study, one had a unique polymorphism that was not found on any
of the other three C4A4 genes. Therefore, C4A4 genes could be split at the DNA level.
Moreover, analysis of the C4A91 genes of the 42.1 and 47.1 AHs showed that both genes
differed at at least seven polymorphic sites within 3.3 kb of sequence. Comparison of
the C4B5 gene of the 54.1 AH and the C4B5 gene of the 55.1 AH revealed two unique

sequences, indicating that C4BS genes are not homogeneous.

In summary, characterisation of 3.3 kb of the C4 gene sequence revealed that C4 allo-
types defined by serology can be split at the sequence level. In addition to the subtypes
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identified by analysis of the Rodgers and Chido specific residues, comparison of DNA
sequences revealed an even greater level of polymorphism. For some C4 allotypes, as
many as seven or eight unique DNA sequences were identified. It is notable, that all C4
allotypes that were included with at least two examples from different AHs, could be spht
into subtypes based on the variation seen at the sequence level.

4.6 Phylogenetic analysis

The polymorphic positions identified within the 3.3 kb of sequences were used to con-
struct a phylogenetic tree. The isotype specific sequences encoding residues 1101, 1102,
1105 and 1106 were excluded from the analysis as they represent difterences in functional
activity between both C4 isotypes. Other polymorphic sites within the region included
12 exonic and 19 intronic sites. The phylogenetic tree generated using these polymor-
phic positions is presented in Figure 11 (showing distribution of both C4 isotypes) and
Figure 12 (showing distribution of ditterent C4 allotypes).

The phylogenetic tree shows two separate clusters (Figure 11). The first group contains
only C4A genes and the second contains mostly C4B genes. Therefore, the tree repre-
sents the separation of C4 into C4A and C4B, although the isotypic residues determin-
ing the differences in functional activity between both C4 isotypes were not included.
However, there are a number of additional sites that seem to contribute to the isotypic
separation of C4, for example the sequences encoding the Rodgers and Chido antigenic
determinants. In general, Rodger determinants are associated with C4A and Chido de-
terminants with C4B, although reversed antigenicity has been observed for various C4
allotypes (see Section 4.4). In addition, a polymorphic motifin intron 28 of the C4 genes
has been shown to consist of two cytosines (C----C) in C4A alleles, whereas C4B alleles
have a guanine at the first position and a deletion at the second (G----D) [102]. The C-
---C motif is not entirely restricted to C4A alleles as several C4B genes included in the
present analysis were found to have C----C. Moreover, two of the C4A genes included
in this study had G----D. However, in general most C4A genes were characterised by the
presence of C----C and most C4B genes had G----D, indicating that the polymorphic
motif contributes to grouping of C4A and C4B genes into two separate clusters. This is
further supported by the phylogenetic tree shown in Figure 22 (Appendix B.2) which was
constructed using non-coding polymorphisms only. Even though this tree does not show
two separate clusters representing both C4 isotypes, most C4A alleles are found together
with other C4A alleles and most C4B alleles are found with other C4B alleles. However,
the C4A12 and C4A91 alleles of the 42.1 AH, which carmry the C4B specific motif (G--
--D), are found together with C4B alleles, whereas the C4B1 genes of the 7.2, 44.2 and
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Figure 11: Phylogenetic sequence analysis. Unrooted neighbour-joining tree of human C4A and C4B genes from different AHs.
Exonic and intronic polymorphic positions within 3.3 kb of sequence (spanning from intron 16 to 28) were used to construct the tree,
The isotype specific sequences were excluded from the analysis as they represent differences in functional activity between both C4
isotypes., The bootstrap percentage from 1,000 replicates is indicated at each node. C4A allotypes are marked by a yellow box; C4B
allotypes are highlighted by a blue box.
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Figure 12: Phylogenetic sequence analysis. Unrooted neighbour-joining tree of human C4A and C4B genes from different AHs.
Exonic and intronic polymorphic positions within 3.3 kb of sequence (spanning from intron 16 to 28) were used to construct the tree,
The isotype specific sequences were excluded from the analysis as they represent differences in functional activity between both C4

isotypes. The bootstrap percentage from 1,000 replicates is indicated at each node. Each C4 allotype is marked by a different colour
to show distribution of individual alleles within the tree.



However, it is notable, that the C4B1 genes of the 7.1 AH and the 8.1 AH haplotype clus-
ter together as both haplotypes are associated with a number of autoimmune diseases.
For example, the 7.1 AH is associated with susceptibility to multiples sclerosis (MS) and
systemic lupus erythematosus (SLE). Individuals carrying the 8.1 AH have an increased
susceptibility to insulin dependent diabetes mellitus (IDDM), SLE, IgA deficiency and
several other autoimmune disorders. However, the 7.1 AH has been shown to be pro-
tective for diseases of which the 8.1 AH is susceptible (e.g. IDDM). All other C4 genes
located within the second group of the phylogenetic tree did not show any significant
subgrouping. C4B1 genes were found together with C4B3 and C4BS5 genes, and also
the C4A12 and C4A9] alleles contained within the second group seemed to be rather
randomly distributed.
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Figure 13: Proposed model of the evolution of the C4Ad, C4B2 and C4B5 genes. The C4A4, C4B2 and C4B5 genes of the C4A4
containing haplotypes are characterised by the presence of a | -bp deletion in intron 21 (indicated by a dash}, which 15 unique to these
genes. In addinion, the C4B2 and C4B35 share a unique T nucleotide in intron 24. The C4BS5 gene 1s characterised by a umique A
nucleotde in exon 17. A model has been proposed to explain the evolution of these genes, suggesting that the C4A4, C4B2 and C4B5
genes have evolved from a common ancestor, which might have been C4A- or C4B-like (the 1sotype specific sequences are indicated
by striped and dotted boxes)

It is of some interest that the C4A4, C4B2 and C4BS5 genes of the C4A4 containing
AHs (18.1, 46.1, 46.2, 55.1 and 62.2) share a unique 1-bp deletion in intron 21. This
deletion is not found on the C4B2 and C4B5 genes of the 54.1 and 65.1 AHs. In addition,
the C4B2 and C4B5 genes of the C4A4 containing AHs share a unique T nucleotide in
intron 24, which is not present on other C4 genes. The C4B5 gene of the 55.1 AH is
characterised by a unique A nucleotide in exon 17. The presence of the 1-bp deletion in
intron 21 on all C4 genes of the C4A4 containing haplotypes suggests that these genes
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might have evolved from a common ancestor. A proposed model of the evolution of these
genes is shown in Figure 13. The common ancestor might have been of the C4A or C4B
isotype. Duplication and subsequent recombination would explain the presence of the
1-bp deletion in both C4A and C4B isotypes. Deletion, duplication and recombination
events are frequently observed in the C4 gene region [114,115,175], and might therefore
have also occurred during the evolution of these C4 genes. The recombination event must
have comprised the isotype specific sequences, but might have also included the region
from the isotypic site to the 5’-end of the C4 gene as the C4A4, C4B2 and C4B5 genes
share at least the complete exonic sequence towards the 5’-end of the genes (see Table 20,
Chapter 5). The unique T allele shared by the C4B2 and C4BS5 genes is probably due to a
single base substitution that occurred in the ancestral C4B gene but not in the C4A gene.
The C4B genes must then have diverged to form the C4B2 and C4BS5 allotypes. The only
detected sequence difference between the C4BS5 gene of the 55.1 AH and the C4B2 genes
of the 18.1, 46.1, 46.2 and 62.2 AHs is a single base substitution in exon 17 that leads
to an amino acid change. This amino acid change might account for the differences in

electrophoretic mobility between both C4B allotypes.

It is notable that the 1-bp deletion is present on several haplotypes of a different ethnic
origins. For example, the 18.1, 55.1 and 62.2 AHs are Caucasian haplotypes whereas the
46.1 and 46.2 AHs are predominantly found in Asia. Therefore, the changes that led to the
generation of the C4A4, C4B2 and C4B5 genes must have occurred prior to the formation
of these haplotypes, and hence must have occurred prior to freezing of the MHC blocks
during primate evolution. The MHC is structurally organised in polymorphic frozen
blocks (Figure 2, Section 2.1.3), within which recombination is rarely observed [34].
After the freezing, the blocks were shuffled to form ethnic specific haplotypes [15]. The
ethnic specific haplotypes have been conserved over many generations and have therefore
been called ancestral haplotypes [40,41]. They are characterised by a unique content
of alleles and may carry specific polymorphisms (i.e. haplospecific polymorphisms).
Haplospecific single nucleotide polymorphisms (SNPs) are also present in the C4 gene
region of the 18.1, 46.1, 46.2, 55.1 and 62.2 AHs (see Table 22, Chapter 6).

In summary, the proposed mode) suggests that the C4A4, C4B2 and C4B5 genes have
evolved from a common ancestor and have undergone several changes associated with
duplication, recombination and mutation events prior to the formation of the conserved
haplotypes.
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4.7 Summary

The most polymorphic region of the C4 genes spanning from intron 16 to intron 28
was analysed using a panel of extensively characterised, homozygous workshop DNAs
representing various C4 allotypes from a range of different ancestral haplotypes (AHs),
spanning all racial groups. The region was screened for polymorphisms using a co-
amplification approach. Polymorphisms were assigned to individual C4 genes by isotype
specific PCR amplification.

The analysis revealed a number of interesting points:

1. Thirty-five sequence differences were identified within 3.3 kb of sequence, includ-
ing 16 exonic and 19 intronic polymorphisms. Two of the intronic polymorphisms

were 1-bp deletions, all other polymorphisms were single nucleotide substitutions.

2. The presence of the isotype specific sequences in exon 26 was confirmed. C4A
genes encode Pro!i™, Cys!'02, Leu!'® Asp'!“® whereas C4B genes encode
1101 1102 11,1105 1131106
Leu ", Ser' ™4, Ile* 2, His™ ™.

3. Introns 19 and 21 are highly polymorphic. In contrast, the introns spanning the
polymorphic exons 25 to 28 were found to be conserved.

4. Quantitative sequences of the co-amplification approach reflect C4 copy numbers
present on a haplotype. Sequence analysis revealed no additional C4 genes not
included in the description of the AHs. C4 null alleles present on some AHs are
likely to be due to gene deletion.

5. Rodger antigens are in general associated with C4A alleles, whereas Chido de-
terminants are found on C4B alleles. However, some C4 allotypes show reversed
antigenicity.

6. C4 allotypes defined by serology can be split according to different Rg/Ch combi-
nations of some allotypes.

7. Characterisation of DNA sequences revealed an even greater level of polymor-
phism than has been observed at the protein level. Nucleotide polymorphisms do
not correlate with serology. All C4 allotypes included with at least two examples
from different AHs could be split at the sequence level.

8. Phylogenetic analysis demonstrates that C4 genes form two distinct clusters repre-
senting the separation of C4 isotypes, even if the isotypic sequences are excluded

from the analysis.
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10.

11.

12.

13.

Phylogenetic analysis also revealed that C4A4 genes are very similar. Interestingly,
the C4A4 genes carry a unique 1-bp deletion in intron 21 that is not found on other
C4A genes.

The C4B2 genes of the 18.2,46.1, 46.2 and 62.2 AHs form a cluster with the C4B5
gene of the 54.1 AH within a phylogenetic tree. Sequence analysis showed that the
five genes share two unique polymorphisms.

The C4B1 genes of the 7.1 and 8.1 AHs also formed a distinct subgroup within the
phylogenetic tree. It is notable that both the 7.1 AH and 8.1 AH are associated with

a number of autoimmune diseases.

C4A12 and C4A9] were found to differ from other C4A allotypes as both genes
encode Chido specific residues instead of the Rodger antigens commonly found on
C4A proteins. Both allotypes also resemble C4B allotypes with respected to their
electrophoretic mobility. In addition, phylogenetic analysis revealed grouping of
C4A12 and C4A91 with C4B alleles.

A model was proposed to explain the evolution of the C4A4, C4B2 and C4B5
genes found on the 18.1, 46.1, 46.2, 62.2 and 55.1 Alls.
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5 Identification of coding polymorphisms

5.1 Introduction

Complement component C4 is highly polymorphic at the protein level. C4 typing based
on dittetences in electrophoretic mobility and hemolytic activity has revealed more than
40 C4 allotypes. The allotypes can be separated by agarose gel clectrophoresis of neu-
raminidase and carboxypeptidase treated EDTA plasma, resulting in single bands defin-
ing cach C4 allotype. However, current C4 typing methods are labour intensive and
unambiguous assignment of C4 allotypes may be difficult as some allotypes show very
similar migration rates in agarose gels. In addition, assignment of C4 null alleles is not
always possible by electrophoresis based typing, and therefore may require family stud-

1€5.

The sequences which encode specific C4 allotypes have not been described. Most of the
sequences published to date comprise the most polymorphic region of the C4 genes, the
C4d region. However, as charactenisation of 3.3 kb of sequence has shown (Chapter 4),
this region does not explain the allotypic variation of the C4 proteins, suggesting that
additional polymorphic sites contributing to protein polymorphism might be encoded in
other parts of the C4 genes. A limited number of complete C4A and C4B gene sequences
is available at GenBank. However, these sequences only cover few different C4 allotypes,
and therefore do not allow extensive analysis of the allotypic variation.

The aim of the present study was to systematically characterise the DNA polymorphisms
accounting for the variation observed at the protein level. All exonic regions that were
not included in the 3.3 kb of sequence described in Chapter 4, were screened for sequence
variations by denaturing HPLC (dHPLC) and the variations were characterised by DNA
sequencing. The DNAs used in this study were chosen from an international workshop
panel, representing extensively characterised homozygous DNAs. A range of C4 allo-
types from different AHs spanning all racial groups was included in this study, allowing
comparative analysis of C4 gene sequences from various C4 allotypes.

5.2 Screening for polymorphisms by denaturing HPLC

Denaturing high performance liquid chromatography (dHPLC) is a method that can be
used to screen PCR products for unknown single base substitutions and small insertions
or deletions [177]. DNA fragments are separated on the HPLC by ion-paired reverse
phase chromatography using TEAA (Triethyl ammonium acetate) as bridging molecule
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between the hydrophobic matrix of the column and the DNA. TEAA interacts with the
negatively charged phosphate ions of the DNA, and therefore, the number of TEAA
molecules bound to the DNA is directly proportional to the length of the DNA fragment.
Due to the alkyl chains of the TEAA molecules, the DNA is absorbed to the hydrophobic
matrix of the column. As more TEAA molecules can interact with longer DNA frag-
ments, these DNA fragments have a higher affinity to the column. The DNA is eluted
from the column with increasing amounts of acetonitrile in the mobile phase. Under non-
denaturing conditions, DNA fragments are separated solely depending on the size of the
fragment.

homozypgous

reference mutant heleroduplexes hamoduplexes
denawre
re-anncal
—
7N f
AT GC A C G T AT G C
N/ N r

Figure 14: Schematic representation of heteroduplex formation for JHPLC analysis. Screening of PCR products for unknown
polymorphisms requires mixing of samples with a known homozygous reference. Mixtures are denamured by heating and re-annealed
by slow cooling to facilitate heteroduplex formation, HPLC analysis under partially denaturing conditions resolves heteroduplexes
frem homoduplexes, and therefore allows detection of sequence variations. Reproduced from Ref. [173]

Under partially denaturing conditions, however, DNA sequence variations can be de-
tected. To screen PCR products for unknown polymorphisms, each sample needs to be
mixed with a known homozygous reference. To facilitate heteroduplex formation be-
tween the reference DNA and the sample DNA, mixtures need to be denatured at 95°C
followed by slow renaturation (Figure 14). If mixtures are analysed under partially de-
naturing conditions on the dHPLC, heteroduplexes melt at the mismatch site, whereas
homoduplexes require higher temperatures to be melted. Partially single-stranded het-
eroduplexes have a lower affinity to the hydrophobic matrix of the column, which results
in shorter retention times of heteroduplexes compared to homoduplexes. Thus, DNA
fragments containing polymorphisms show a distinct peak pattern on the dHPL.C and can
therefore be distinguished from homozygous DNAs.

Figure 15 shows heteroduplex resolution in four different mixtures of PCR fragments and
known homozygous reference compared to the peak pattern of the homozygous reference
(shown at the top). Depending on the nature and the position of the polymorphism in
the PCR fragment, different heteroduplex peak patterns were observed. However, to
characterise the detected sequence variations, DNA sequencing of PCR products was
required.
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Figure 15: Screening for polymorphisms by denaturing HPLC, Under partially denatunng conditions, DNA sequence variations
can be detected on the HPLC due o different retention ttmes of heteroduplex and homoduplex DNAs., Homoduplex peaks and
hetetoduplex peaks are presented for four different fragments. Homoduplex peaks are shown at the top, respeclive heteroduplex
peaks are shown below,

Top left Cw T and C o G substitution at positions 99 and 377 of a 404 bp fragment; bottom Jeft. A to G substitution at position 39
of a 375 bp fragment; top nght T o C substitution at position 62 of a 302 bp fragment; bottom nght: G to A substirution at posiien
204 of a 268 bp fragment.

5.2.1 Sample preparation and optimisation of method

To amplify the exonic regions not characterised in Section 4 (i.e. exons | to 16 and exons
29 to 41), 23 sets of conserved primers were designed spanning one or two exons each.
Conserved regions within the polymorphic C4 genes were identified by comparison of
complete C4 sequences available at GenBank. All primers were tested and PCR reac-
tions optimised using the 8.1 AH. This haplotype was chosen as reference sample as it
was well characterised, known to be homozygous and carried only one C4 gene. Size,
yield and purity of PCR products was determined by non-denaturing analysis of ampli-
cons on the HPLC. Unpurified PCR products were used as post PCR purification is not
recommended [174]. The results of the non-denaturing analysis are shown in Figures 24
to 27 (Appendix C.1). All amplicons gave a sharp, single peak at 50°C, indicating that
PCR amplification produced one specific product for all sets of primers. Fragment sizes
were determined by comparison to the Haelll digested pUC18 size marker (Figure 34,
Appendix C.4) and were found to correlate with expected fragment sizes (listed in Ta-
ble 7). The intensity of the peaks ranged between 30 mV and 100 mV, and was therefore

65



sufficient for all amplicons. To confirm homozygosity of the 8.1 reference, all 23 ampli-
cons of this sample were sequenced forward and reverse. Sequence analysis revealed no
heterozygous positions within any of the 23 amplicons, and hence, the 8.1 AH could be
used as known homozygous reference. PCR products of each sample were mixed with
PCR products of the 8.1 reference, denatured at 95°C and re-annealed by slow cooling to

facilitate heteroduplex formation.

5.2.2 Temperature selection

The temperature at which the PCR products are analysed on the dHPLC has to be care-
fully chosen as the sensitivity of the method is strongly dependent on the correct melting
temperature. The melting temperature is affected by the location of the polymorphism
within the fragment and also depends on the melting character of the surrounding nu-
cleotides. Therefore, different polymorphisms within a DNA fragment may be detected
at different temperatures as several melting domains may be present within a fragment.
Temperatures for optimal resolution of heteroduplex and homoduplex peaks can be de-
termined empirically by injecting each PCR amplicon at increasing temperatures until a
significant decrease in the retention time is observed. However, this method should be

used in combination with melting temperature prediction software.

In the present study, melting temperatures of each amplicon were determined with the
DHPLCMelt software. For a given sequence, the DHPLCMelt software predicts the
melting temperature and gradient conditions that will resolve heteroduplexes from ho-
moduplexes on the dHPLC. Using this software, optimal temperatures for dHPLC analy-
sis were found to range between 61°C and 63°C for all amplicons. However, to assess the
accuracy of the melting temperature prediction software, melting temperatures were also
determined empirically for some known homozygous and heterozygous amplicons. A
586 bp homozygous fragment was analysed at 50°C, 59°C, 60°C, 61°C, 62°C, 63°C and
64°C. The results of the temperature titration are presented in Figure 28 (Appendix C.1).
Analysis at 59°C revealed a single, sharp peak similar to the peak observed under non-
denaturing conditions (50°C). At 61°C however, a change in the peak pattern could be
observed indicating partial melting of the homoduplex DNA. With increasing tempera-
tures, resolution of the homoduplex peaks was reduced and peaks were shifted to shorter
retention times as partially melted DNA is retained less strongly on the hydrophobic col-
umn, Analysis at 64°C resulted in no peak, indicating that the DNA was completely
melted at this temperature. Thus, the optimal temperature for the 586 bp amplicon de-
termined by empirical temperature titration was 61°C, which correlated exactly with the

temperature predicted by the melting temperature software. In addition, a 546 bp am-
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plicon spanning exons 27 and 28, that was known to be heterozygous, was analysed at
multiple temperatures to determine the range of temperatures at which heterozygosity
could be detected. The results are shown in Figure 29 (Appendix C.2) and demonstrate
resolution of heteroduplex peaks from homoduplex peaks at at least three temperatures.
The temperature that showed best resolution was 63°C, however, heteroduplex peaks
were also observed at 62°C and 64°C. The optimal temperature for dHPLC analysis pre-
dicted by the melting temperature software was 62°C, and therefore would have detected
the polymorphism present in this sample. Melting temperatures were determined empir-
ically for two other amplicons and were found to correlate with the melting temperatures
predicted by the software. Hence, melting temperatures determined by empirical tem-
perature titration and temperatures predicted by the DHPLCMelt software correlated for
all amplicons tested, and therefore optimal temperatures for dHPLC analysis of all other
amplicons were determined using the DHPLCMelt software.

In a previous study by Jones et al. [172] examining the sensitivity and specificity of de-
naturing HPLC, 96% of heterozygotes could be detected at the temperature predicted
by the DHPLCMelt software. However, to achieve sensitivities of >96%, Johns et al.
recommend to analyse samples at two different temperatures: the predicted melting tem-
perature (T,,) and the T,, plus 2°C. As high sensitivity was required in the present study,
all samples were analysed at both recommended temperatures. For some amplicons how-
ever, no peak was detectable at the T,,, plus 2°C due to complete melting of the DNA.
These amplicons were analysed at the T, plus 1°C as this combination of temperatures
also detected most heterozygotes in the study performed by Jones et al. However, six
amplicons could only be analysed at one temperature (the T,,,). Every further increase of
the temperature resulted in no peak, and therefore analysis was not possible at any further
temperature above the T,

5.2.3 Reproducibility of results

To ensure that results obtained by dHPLC analysis were reproducible, a number of sam-
ples that showed heteroduplex peaks on the first analysis were repeatedly mjected on
different runs of the HPLC. The chromatograms obtained from a 302 bp amplicon are
presented in Figure 30 (Appendix C.3). Although retention times varied slightly on
different runs, all peak patterns of the 302 bp heterozygote sample were significantly
different from the homozygous reference shown at the top. Sequencing of the heterozy-
gous sample revealed a T to C substitution at position 62 of the fragment, indicating that
sequence variations as little as a single base pair can be easily detected by dHPLC. Re-
producibility was tested for a second sample, which was 404 bp in size. The results are
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shown in Figure 31 (Appendix C.3) and demonstrate resolution of heteroduplex peaks
from homoduplex peaks on all different runs of this sample. As observed for the 302 bp
fragment, retention times and peak morphology varied slightly, but did not affect the re-
sults of the analysis. Heterozygosity of the 404 bp fragment was confirmed by sequencing
and revealed three single base pair substitutions (C to T, G to A and C to G at positions
99, 178 and 377, respectively).

However, there was one instance where heteroduplex peaks could not be reproduced on
a second run of the same sample. Sequence analysis of a 525 bp fragment did not reveal
any sequence variations, and therefore, the chromatogram observed on the dHPLC was
inspected more closely. As shown in Figure 32 (Appendix C.3), the peak pattern observed
for the unknown sample was significantly different from the homoduplex peak of the ho-
mozygous reference, which is shown at the top. Interestingly, both samples also differed
in their retention times, which is not usually observed for homoduplex and heterodu-
plex peaks of the same amplicon, but is characteristic for partial melting of the DNA.
To further investigate the melting behaviour of this sample, the sample was re-injected
at multiple temperatures ranging from 63°C (T,,) to 65°C. The results of the second run
are also shown in Figure 32 (Appendix C.3) and demonstrate a homoduplex peak pattern
of the unknown sample at the T,,, confirming the results of the DNA sequencing anal-
ysis. At 64°C (T,, plus 1°C), the chromatogram showed a small shoulder at the edge
of the homoduplex peak and the retention time was slightly decreased, both indications
of partial melting of the DNA. At 65°C (T,, plus 2°C), the retention time was further
decreased and the peak pattern was very similar to the pattern observed on the initial run
of this sample at 63°C. These results suggest that the heteroduplex peak of the imitial
analysis might in fact be due to partial melting of the homoduplex DNA. Instabilities of
the column temperature might cause homoduplexes to melt at temperatures adjusted to
resolve heteroduplex DNAs. Differences between oven temperatures and actual column
temperatures have been observed previously for dHPLC instruments [172]. Similar chro-
matograms were observed for another sample of the same 525 bp amplicon analysed at
the same tun of the HPLC. As found for the first sample, DNA sequencing did not reveal
any sequence variations. Re-injection on a second run resulted in a homoduplex peak
pattern at 63°C, but the peak pattern observed at 65°C resembled the pattern of the initial
analysis. The hypothesis, that the heteroduplex peaks observed for both samples were
due to temperature instabilities of the instrument, was further supported by the fact that
apparent heteroduplex peak patterns were significantly different from peaks observed for
fragments confirmed to be heterozygous by DNA sequencing.
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5.2.4 Sensitivity of the dHPLC method

To assess the sensitivity of the dHPLC method, 69 samples were screened for polymor-
phisms by dHPLC and in addition analysed by DNA sequencing. The 69 samples re-
presented three different amplicons spanning exons 10+11, exon 12 and exon 29. These
amplicons were chosen as comparison of complete C4 sequences available at GenBank
had shown that exons 12 and 29 and the intronic regions flanking exon 10 and 11 included

several polymorphic sites.

Of the 69 samples analysed by dHPLC and sequencing, 34 were heterozygotes. Charac-
terisation of the polymorphisms by sequence analysis revealed several single base sub-
stitutions, including Cto T, Cto A, Gto A, Gto T and G to C. Of the 34 heterozygotes,
23 contained a single polymorphic site, 8 samples had two polymorphic sites and 3 had
three polymorphic sites. All heterozygotes could be detected by dHPLC using two dif-
ferent temperatures (T,, and T,, plus 2°C for E29, T,,, and T, plus 1°C for E10+11 and
E12). At the T,,, 18 of the 34 heterozygotes could be detected, which corresponds to a
sensitivity of 53%. No polymorphisms were identified by DNA sequencing among 35
samples that showed peak patterns characteristic for homoduplexes. In summary, our
results suggest that a high sensitivity of the method (100%) can only be achieved using
a combination of two temperatures as recommended by Jones et al. [172]. Thus, for ali

other samples, two temperatures were used.

Examination of the sensitivity also included two AHs with three C4 genes (7 1 and
65.1 AHs). Analysis of quantitative nucleotide peaks in sequence electropherograms of
these AHs indicated that nucleotide substitutions in exon 29 (codon 1226) of the 7 | AH
and in introns 11 (nucleotide position 3234) and 29 (nucleotide position 8720) of the
65.1 AH were only present on one of the three C4 genes. Therefore, mixing of these
samples with the homozygous reference resulted in a 3:1 ratio of DNA carrying the ref-
erence allele and DNA carrying the substitution. However, all three substitutions were
detected by dHPLC, indicating that one allele can still be detected in the presence of a
3-fold excess of another allele.

Another critical factor affecting the sensitivity of the JHPLC method is the quality of the
column. After a certain number of injections the column shows degradation of perfor-
mance characterised by low resolution of heteroduplex peaks from homoduplex peaks.
An example is presented in Figure 33 (Appendix C.4). Heteroduplex peaks were resolved
in the chromatogram shown at the top, whereas low resolution of peaks was observed in
the chromatogram shown below, Therefore, the performance of the HPLC had to be
evaluated prior to each run. Under non-denaturing conditions (50°C), the Haelll di-
gested pUC18 size marker was used to evaluate column quality. A chromatogram of the
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pUC18/Haelll marker is shown in Figure 34 (Appendix C.4). Resolution of the 257 bp
and 267 bp peaks indicated adequate performance of the column. Under partially dena-
turing condition (61°C to 65°C), samples that were found to be heterozygous in previous
runs were re-injected to confirm resolution of heteroduplex peaks under current column

conditions.

5.2.5 Detection of polymorphisms by dHPLC

Using the denaturing HPLC approach, 529 samples representing 23 different amplicons
were screened for sequence variations. The results of the JHPLC analysis are presented
in Table 19. Of the 529 samples, 103 showed a peak pattern that was significantly distinct
from the pattern observed for the homozygous reference. Heterozygotes were detected
in 17 different amplicons spanning exons 1, 2, 3, 9, 10+11, 12, 13, 14, 15+16, 29, 30,
31, 32433, 34+35, 36437, 38 and 40, whereas no heterozygotes were detected in the
6 amplicons spanning exons 4+5, 6, 7, 8, 39 and 41. For each amplicon, 23 different
samples representing different AHs were analysed. The number of samples that were
detected to be heterozygous varied between different amplicons. For example, more than
50% of the samples were found to be heterozygotes when screening amplicons 9, 12, 29
and 30. In contrast, screening of amplicons 1, 2, 14, 32433, 34+35 and 36+37 revealed
only one or two heterozygous samples, suggesting that these exons may contain rare

mutations.

Of the 103 heterozygotes, 69 could be detected at the T,,,, which corresponds to an overall
sensitivity of <<67% at this temperature. In a previous study by Jones et al. [172] exam-
ining the utility of the DHPLCMelt software for the prediction of the optimal melting
temperature, 96% (99/103) of heterozygotes could be detected at the temperature recom-
mended by the software. However, the authors also recommend analysis of samples at a
second temperature (T, plus 2°C) if higher sensitivity is required. Following these rec-
ommendations, another 34 heterozygotes could be identified, which were not detectable
at the T,,,. Samples that showed heteroduplex peaks at the T,,, were not analysed system-
atically at the second temperature, and therefore the sensitivity of this temperature could
not be assessed. However, there were at least two examples where a heterozygote was de-
tected at the T,,,, but escaped detection at the second temperature, Moreover, resolution of
heteroduplex peaks from homoduplex peaks was much lower at the second temperature,
making the interpretation of the results more difficult. Thus, analysis of samples at the
second temperature instead of the T,,, would not have resolved all heterozygotes. In con-
clusion, dHPLC analysis should be carried out using a combination of two temperatures
as this results in the highest sensitivity of the method.
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5.3 Characterisation of detected polymorphisms

PCR products that were found to be heterozygous by dHPLC were analysed by DNA
sequencing to characterise the nature of the sequence variations. The results are presented
in Table 20. PCR amplicons covered the exonic regions from exon 1 to 16 and from exon
29 to 41 of the C4 genes, However, all primers were designed to bind in intronic regions,
and therefore amplicons also included intronic sequence (i.e. intronic sequences flanking
the exons). Some of the amplicons spanned more than one exon as exons may be less than
100 bp in size, and hence, these amplicons included the complete intronic region between
two exons. As a result, sequence variations listed in Table 20 include both intronic and

exonic polymorphisms.

Primers for amplification of exonic regions were designed to bind within conserved re-
gions of the C4 genes. Therefore, PCR reactions resulted in amplification of all C4 penes
present on a haplotype (i.e. all C4A and C4B genes) and hence, DNA sequences weie
composite sequences. Quantitative analysis of sequence electropherograms has been
shown to reflect C4 copy numbers present on a haplotype (see Section 4.2). To confirm
the prevtous findings, relative nucleotide quantities were determined for all polymorphic
positions identified in the this part of the study. No heterozygous positions were found
on haplotypes predicted to carry only one C4 gene. Quantitative sequence analysis of
AHs carrying two C4 genes revealed homozygous as well as heterozygous nucleotide
peak patterns at polymorphic sites, indicating that some changes were present on both
C4 genes of the haplotype whereas others were only found on one of the two genes.
Nucleotide peaks at heterozygous positions were found to have comparable intensities,
as would be expected for haplotypes carrying two C4 genes. Analysis of the 7.2 and
65.1 AHs, which both had three C4 genes, revealed a 2 | ratio of relative nucleotide in-
tensities at most heterozygous positions. Relative nucleotide quantities at heterozygous

position are listed in Table 15 for both haplotypes.

5.3.1 Exonic polymorphisms

Characterisation of exonic regions not included in the 3.3 kb of sequence described in
Chapter 4 revealed 15 additional polymorphic sites. The polymorphic sites were located
in exons 3, 9, 11, 12, 13, 29, 33, 34, 36 and 40. All changes were single nucleotide
substitutions, no insertion or deletions were found. Of the 15 nucleotide substitutions,
six resulted in an amino acid change. However, only three of the six changes resulted in
a change in the property of the amino acid. The amino acid change from an arginine to a
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AH C4 genes Position Nucleotide  Relative quantity

72 C4A3, C4A3,C4BI1 El2 476 Y C<T
[28 844l Y C<T
E29 1226 R G>A
26 8720 S C<@G
651 C4Al, C4B1, C4B2 E3 122 s C>G
111 3234 Y C>T
115 4572 R A>G
29 8720 S C G
Ei4 1473 Y « mnut determing

Table 15: Quantitative sequence analysis of 7.2 and 65.1 AHs. Both AHs carry three (4 pens. Quantitative sequence analysis
revealed a 21 ratio of relative nucleotide intensities, representing the number of C4 genes present on both haplotypes Relauve
nucleotide quantities at heterozygous positions are presented IUPAC codes have been used to indicate the presence of two nucleotides
(R=A~+G, Y=C~T, 5=G+C).

tryptophan in exon 12 {(codon 458) and the change from a histidine to a proline in exon 13
(codon 530) resulted in a charged amino acid being replaced with a non-polar one. The
nucleotide substitution in exon 29 (codon 1267) resulted in an change from the non-polar
amino acid alanine to the polar amino acid serine. The three other amino acid changes
in exons 3 (codon 122), 9 (codon 328) and 33 (codon 1395) resulted in no change in the
property of the amino acid.

5.3.2 Intronic polymorphisms

The sequence differences in the introns consisted mostly of single base pair substitutions.
However, there was one 4 bp deletion (relative to the 8.1 C4B1) in intron 2, that was only
present on one of the two C4 genes of the 46.1 AH and was not found on any other
haplotype. Six of the 23 amplicons used to characterise the exonic regions spanned two
exons, and therefore also covered the complete intronic region between the two exons.
However, only one nucleotide substitution was found within the six introns that were
analysed completely. This nucleotide change was located in intron 15 at nucleotide po-
sition 4572. Introns 4, 10, 32, 34 and 36 were found to be conserved between all C4
genes included in this study. In a previous study comparing a C4B1 gene with a C4A3
gene, Ulgiati et al. [104] identified several sequence differences in introns 4, 10 and 15,
whereas no nucleotide changes were identified in introns 32, 34 and 36. Therefore, both
studies are consistent in that the small introns towards the 3’ end of the C4 gene are con-
served between different C4 genes. The additional changes found in introns 4, 10 and 15
by Ulgiati et al. might be due to the comparison of their C4B1 gene with a C4A3 gene
of a different AHs not included in our study. 1In addition to the sequence variations in
introns 2 and 15, eleven nucleotide substitutions were identified in the intronic regions

flanking the exons. Most of the changes were present on several different haplotypes,

72



however, four nucleotide substitutions were specific for individual haplotypes. For ex-
ample, the C to T substitution in intron 12 (nucleotide position 3678) was unique to one
of the C4 genes of the 54.1 AH. Both C to T substitutions in intron 13 (positions 4001
and 4010) were specific for one particular haplotype. The substitution at position 4001
was only found on the 18.1 AH and the nucleotide change at position 4010 was unique
to the 44.4 AH. The A to G substitution in intron 30 (position 9240) was only present on
one of the C4 genes of the 7.1 AH.

5.3.3 Promoter region

The amplicon spanning exon 1 also included about 180 bp of upstream promoter region.
Within this region, one single base substitution was found at position -146 of the C4
promoter. The A to G substitution was only present on one of the two C4 gencs of the
44.2 AH, but was not found on any other C4 gene included in this study. A previous study
by Vaishnaw et al. [178] investigating C4 promoter polymorphism in SLE patients (n=52)
and healthy controls (n=51) had failed to identify any polymorphism within 500 bp up-
stream of the transcriptional start site. Their study also comprised the comparison of
different AHs, demonstrating extensive conservation of the upstream promoter region.
Ulgiati et al. [103] compared the C4B1 gene of the 8.1 AH with a C4A3 gene and found
no sequence differences within 1.8 kb upstream of the transcriptional start site, suggest-
ing that the wide range of C4 concentrations observed in the blood plasma of different
AHs is not explained by promoter polymorphisms. However, our study identified one
polymorphic site at position -146 of the C4 promoter. Vaishnaw et al. [105] analysed
the upstream promoter region using reporter gene assays and demonstrated that the se-
quence contained within the -178 to -39 region is associated with maximal reporter gene
expression. Studies by Ulgiati et al. [106] had shown that the region important for tran-
scriptional activity included Spl and E box sites. The -140 region contained four closely
positioned GT boxes that were found to be important as mutations introduced at -140 re-
sulted in almost no reporter gene expression. The polymorphism identified in the present
study is Jocated adjacent to the region that is important in the regulation of transcriptional
activity. Therefore, the polymorphism identified at -146 might affect C4 expression lev-
els. The only haplotype that showed the polymorphism was the 44.2 A, which was
heterozygous at -146, indicating that the A to T substitution was only present on either
the C4A3 or the C4B1 gene of this haplotype. None of the other C4A3 or C4B1 genes
included in the present study showed the -146 polymorphism, suggesting that the Ato T
substitution might be unique to the 44.2 AH. The 44.2 AH has been shown to be associ-
ated with IgA deficiency and celiac disease [40]. Whether the polymorphism at -146 of
the C4 upstream promoter region might contribute to disease susceptibility needs to be
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investigated.

5.4 Comparison of coding regions

The complete exonic sequence of various C4 genes from different AHs was analysed in
the present study. The most polymorphic region spanning from exon 17 to 28 was char-
acterised by DNA sequencing as described in Chapter 4. All other exonic regions were
screened for polymorphisms by dHPLC and the nature of the identified polymorphisms
was characterised by DNA sequencing. The sequence differences seen when compar-
ing the exonic sequences of all C4 genes included in this study were plotted as shown
in Figure 16. Exons 26 and 28, known to encode the isotype specific residues and the
Rodger and Chido antigenic determinants, were found to be most polymorphic. Other
sequence differences in the C4d region were located in exons 25 and 29. The C4d frag-
ment of the C4 a-chain is known as the most polymorphic domain of C4. However, a
number of sequence differences were present outside the C4d region. Towards the 3’ end
of the C4 gene, exons 33, 34, 36 and 40 were found to be polymorphic. Upstream of the
C4d region, exons 3,9, 11 to 13, 17 and 19 to 22 contained several sequence JiiTerences.
In contrast, comparison of a C4B1 and a C4A3 gene by Ulgiati et al. [104] had shown
that exonic sequence differences were located only in the exons clustered around the C4d
region. However, the present study included a wider range of C4 allotypes and ancestral
haplotypes, and hence additional allotype and haplotype specific polymorphisms were
identified.

[=)]
|
|
|
|

i

-

Number of nucleolde dufferencer/ez on
L) w

...... 1T 11

1 2 3 45 6 7 6 9 10111213 1815+ 17 13X - D MXXERHYNL e o CHIOYH

a

Cad

Figure 16: Exonic sequence differences. The complete exomc sequence of C4 genes from various AHs was compared and the

number of nucleotide differences per exon was plotted

In the present study, a number of novel exonic sequence differences were identified. A
list of changes that have to our knowledge not been previously described in the literature
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is presented in Table 16. Four of the nucleotide substitutions located in exons 13, 17 and
33 resulted in an amino acid change, whereas all other substitutions were synonymous
changes, Most of the changes were only present on one of the 24 haplotypes studied,
suggesting that these changes might be haplotype specific or might be characteristic for
one of the less frequent C4 allotypes. For example, three nucleotide substitutions (lo-
cated in exons 9, 33 and 36) were only found on the 42.1 AH. This haplotype carries a
C4A12 and a C4A91 gene, both alleles that have a low frequency in most populations.
Other changes were identified on more common C4 allotypes, but seemed to be unique
to individual AHs. For example, the C to G substitution in exon 22 was present on the
C4A3 gene of the 54.1 AH, but was not found on any of the other C4A3 genes. In con-
trast, the amino acid change in exon 13 (codon 530) was present on five different AHs.
However, all five AHs had the C4A4 allele in common, suggesting that the amino acid
change might be specific for the C4A4 allotype.

Exon codon Amimoacd Nucleoude AHs C4 genes
9 j20 Tyr CiA 42 1 C4A12 or C4A%IL
I 408 Asp CT 54.1 C4A3 or C4B5
12 469 Thr T/C 47.1 C4A9]
13 530 His/Pro AIC 18.1,46.1,46.2,55 1,622 C4Ad4
17 695 Arg/Ser C/A 62.1 C4B3
17 710 Arg/Gln GiA 55.1 C4B5
19 786 Thr GiA 47.1 C4A91
22 918 Gly G/A 54.1 C4A3
33 1395 Ala/Pro GiC 42.1 C4A 12 0r C4A91
n 1403 Asp T/C 13.1 C4A3, C4AB)
34 1473 His T 651 C4A2, CAB1 or C4B2
36 1507 Val CT 42.1 C4A12, C4A0]

Table 16: Novel exonic sequence differences described in this study. A number of nucleotide subsututions were identified in
exomc regions that have not been previously described i the lhiterature. Four of the nucleoude substitutions result in an amino acid
change, whereas all other substituticns are synonymous changes.

5.4.1 C4A and C4B null alleles

All sequence differences found in exonic regions were single base substitutions. No in-
sertions or deletions were identified within the exons, indicating that all C4 genes had
the same reading frame. Previous studies investigating the molecular basis of C4 pseudo-
genes have identified various small insertions and deletions, that cause frame-shifts and
generate premature stop codons. Two 1-bp deletions located in exons 13 and 20 were
identified as the cause of C4BQO and C4AQO pseudogenes, respectively [119,121]. A 2-
bp insertion was found in exon 29 of both C4AQ0 and C4BQ0 pscudogenes [120]. None
of these insertions or deletions was found in any of the C4 genes included in our study,
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suggesting that the C4A and C4B null alleles present on some AHs were most likely due
to gene deletions rather that point mutations. Further evidence supporting the presence of
gene deletions comes from the homozygous nucleotide peaks observed in the sequence

electropherograms at the isotype specific positions (see Section 4.2).

54.2 Amino acid changes

Comparison of the complete exonic regions of all C4 genes included in this study revealed
17 amine acid changes (see Table 17). Four of the changes, at amino acid positions 1101,
1102, 1105 and 1106 in exon 26, were known to encode the isotype specific residues. The
Rodger- and Chido-specific residues were encoded within exons 25 and 28. In addition
to this, only 9 polymorphic amino acid residues were identified. Of the 9 changes, 4 were
located in the B-chain of the C4 protein (in exons 3, 9, 12 and 13). No amino acid change
was found in the y-chain (exons 33 to 41). Thus, all other changes were located within
the a-chain. Two changes were identified in exon 17, which encodes the anaphylotoxin
C4a [87]. The two amino acid substitutions in exons 22 and 33 were located in the a-
chain, but outside the C4d region. Therefore, only 9 of the 17 amino acid changes were
present in the C4d region, suggesting that other regions of the C4 genes contribute to the
polymorphism observed at the protein level.

The amino acid change at position 458 in exon 12 has been previously shown to be
characteristic for the C4A6 allotype [123]. This finding could be confirmed by our study
as the C4A6 gene had TGG at position 458 coding for tryptophan, whereas all other
C4A and C4B genes had CGG at this position, resulting in an arginine. The arginine to
tryptophan substitution has been suggested to be responsible for the hemolytic inactivity
of the C4A6 allotype as it results in the disruption of the C5 binding site in the C4 B-
chain [123]. C5 binding is important for the assembly of the C5 convertase, and thus the

activation of the classical and lectin complement pathways.

Amino acid position 1267 has been previously reported to be the only amino acid differ-
ence between C4A3a and C4A3b, with an alanine residue in C4A3a and a serine residue
in C4A3b [179]. Our analysis revealed an alanine at position 1267 for most C4 genes.
The serine residue was only present in three genes. Both C4A2 and C4A3 of the 52.1 AH
had a serine, indicating that the C4A3 of this haplotype was in fact a C4A3b gene. In ad-
dition, the 7.1 AH was found to be heterozygous at the first nucleotide position of codon
1267. Thus, either the C4A3 or the C4B1 gene of this haplotype had a serine residue
at amino acid position 1267, If the serine residue was present on C4A3 than this gene
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Aliernative CTC TCT OGG CAT CGT €GG ACC GGC CTC TCT ATA CAT AGC GCG CGO OCG GCA
codons GTC TAT TGG CCT AGT CAG GCC GAC CCC TGT TTA GAC aaC GTG CTC TCG CCa
allemalive aa LV 5Y RW HP RS RQ TiAn GD LP SC WL HD 5N AV RL NS AP

Table 17: Amino acid differences between various C4 genes representing different AHs. The complete exonic regions of the
C4 genes have been compared. Only differences that resulted in an ammo acid change are shown (relative to the C4B1 gene of the
8.1 AH) Codon positons, altemative codons and alternative amino acids are indicated.

would have been a C4A3b gene. All other C4A3 genes included in this study had GCG

at position 1267 resulting in an alanine, and hence were C4A3a genes.

5.5 4 allotypic variation

C#4 allotyping based on differences in electrophoretic mobility and hemolytic activity has
revealed more than 40 C4 allotypes [83]. The C4 allotypes can be separated by agarose
gel electrophoresis of carboxypeptidase B and neuraminidase treated EDTA plasma [180].
Neuraminidase treatment is required to remove the glycosylation present in human C4.
Glycosylation has been shown to be heterogeneous, and therefore contributes to the struc-
tural variation of C4 proteins [181]. Carboxypeptidase B removes C-terminal basic amino
acids which is required to produce single, distinct bands for each C4 allotype [182]. After
separation of C4 allotypes by agarose gel electrophoresis, C4 proteins are immobilised
by immunofixation and bands are visualised by protein staining. Each C4 allotype is
characterised by a single band, although some C4 allotypes show similar migration rates

and are therefore difficult to distinguish.

To examine whether the allotypic variation observed at the protein level is encoded within
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the C4 gene sequence, the amino acid changes listed in Table 17 were examined in more
detail.

5.5.1 Glycosylation and sulphation sites

Post-translational modifications of C4 involve glycosylation at four N-linked glycosyla-
tion sites [87]. Three of the glycosylation sites are located within the o-chain at residues
843, 1309 and 1372, respectively. The other glycosylation site is present in the B-chain
at position 207. All four residues have been found to be conserved between the C4 genes
analysed in the present study. Therefore, the heterogeneity of the glycosylation observed
at the protein level is not caused by amino acid changes at the four N-linked glycosylation

sites.

Post-translational modification also includes sulphation [183], which is known to be a
modulator of extracellular protein-protein interactions [184]. The sulphation sites are
clustered at residues 1198, 1199 and 1200 of the o-chain. Analysis of the C4 genes re-
vealed no polymorphism at any of the three sulphation sites, indicating that these residues
were conserved and do not contribute to the allotypic variation.

5.5.2 Changes in property of amino acids

The 17 amino acid changes listed in Table 17 were further examined to see whether
the changes affected the property of the amino acid. Of the 17 changes, 9 were found
to result in no change in the property of the amino acid, including 6 non-polar amino
acids that were replaced with other non-polar amino acids and 3 polar amino acids that
were replaced by other polar ones. One of the 17 changes resulted in a non-polar amino
acid being replaced with a polar one (alanine to serine substitution in exon 29). Five other
changes involved charged amino acids that were replaced by unchai ged (1.e. polar or non-
polar) amino acids. For example, the four positively charged argine residues in exons
12, 17 and 24 were replaced by uncharged amino acids (ryptophan, serine, glutamine
and leucine, respectively). The histidine to proline substitution in exon 13 also resulted
in a charged amino acid being replaced by an uncharged one. In addition, the substitution
of a glycine residue with an aspartic acid residue in exon 25 resulted in a change in the
charge of the amino acid, as aspartic acid is a negatively charged amino acid and glycine
is an uncharged one. The histidine to aspartic acid substitution in exon 26 involved a

change from a positively charged amino acid to a negatively charged one.

As differences in charge affect the electrophoretic mobility of proteins in agarose gels,
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the amino acid substitutions involving charged residues might contribute to the allotypic
variation of the C4 proteins. To further explore this possibility, all C4 genes included in
this study were examined for changes encoding charged amino acid residues.

5.5.3 Contribution of charged amino acids to the allotypic variation

The amino acid changes involving charged amino acids comprised seven polymorphic
sites located in exons 12, 13, 17, 21, 25, 26 and 28. The region spanning from exon 16 to
28 had been characterised by isotype specific amplification and subsequent sequencing
(see Section 4.3). Therefore, C4 sequences spanning this region had been separated to
represent individual C4 genes (Table 13). The sequences spanning exons 12 and 13 were
composite sequences representing all C4 genes present on a haplotype. To split these
sequences into C4A and C4B specific sequences, a isotype specific PCR was developed
spanning from exon 2 to the isotypic site in exon 26. Using this method, heterozy-
gous sequences from 18.1, 46.1, 46.2, 55.1, 57.1 and 62.2 AHs (see Table 17) could be
assigned to either C4 isotype.

The amuno acids present at these seven polymorphic sites are listed in Table 18 for all C4
genes studied. To further explore the role of these residues, the amino acids of each indi-
vidual C4 gene were compared to the 8.1 C4B1 gene. Where amineo acid differences were
identified, the resulting change in the charge was calculated For example, the arginine
to tryptophan substitution at position 458 of the 57.1 C446 gene resulted in a positively
charged amino acid being replaced with an uncharged one Therefore, the C4A6 gene
encoded one positive charge less than the 8.1 C4B1 gene, or in other words, had a net
charge of -1 compared to the 8 1 C4B1. However, there were a number of additional sub-
stitutions present on the C4A6 gene. The glycine to aspartic acid substitution resulted in
the introduction of another negative charge on the C4A6 allotype. The amino acid change
in exon 26 involved the substitution of a positively charged amino acid with a negatively
charged one. Hence, this change added another two negative charges to C4A6. One fur-
ther negative charge was introduced to C4A6 due to the amino acid substitution in exon
28. Adding up all changes present on the C4A6 gene, the C4A6 gene encoded a net
charge of -5 compared to the 8.1 C4B! gene. Using this approach, cumulative charges
were calculated for all other C4 genes. The results are presented in Table 18,

Cumulative charge differences of C4 genes representing the same C4 alloty pe were com-
pared and plotted as shown in Figure 17. Cumulative charges of C4 genes representing
the same C4 allotype were generally found to correlate. For example, the ten C4B1 genes
included in this study had the same amino acids at all seven polymorphic positions en-
coding charge differences, and hence, all ten C4B1 genes had i1dentical calculated net
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E!2 El} EI7 EI? E25 E26 E26 Charge difference
C4 gene AH 458 530 695 710 1054 1106 1191 (compared to 8.1 C4BI)
C4B1 7.1 Atrg His  Amg  Arg  Gly His Arp 0

7.2 Arp His  Arg  Arg Gly His Arg 4]
8.1 Arg  His  Arg  Arg Gl His Arg 0
1.1 aArg  His Arg  Arg  Gly His Arg 0
381 Arg His  Arg  Arg Gly His Arg 0
442 Arg His Arg Arg  Gly His Arg 0
443  Arg  His Arg  Arg  Gly His Arg 0
444 Arg His  Arg Arg Gly His Arg 0
571 Arg His Arg  Arg  Gly His Arg 0
651 Arg His Amg Arg Gly His Arg ]
c4B2 18.1 Arg  His  Arg  Arg  Asp His Arg -l
46.1 Arg His  Arg A Asp His Arg -1
462 Arg His  Arg  Arg Asp His Arg -1
622 Arg His  Arg  Arg Asp His Arp -1
651  Arg His  Arg  Arg Asp His Atg -1
C4B3 621 Arg His Ser  Arg  Asp His Arg -2
C4B5 541 Arg His  Arg  Arg  Asp His Arg -1
551 Arg His A Gln Asp His Arg -2
C4A01 421 Arg His A Arg Gy Asp Arg -2
47.1 Arg His Arg  Arg  Gly Asp Atg -2
C4Al12 421 Arg His Amg  Arg  Asp Asp Arg -3
C4A2 3152 Arg His  Arg  Arg Asp Asp Leu -4
381 aArg  His Arg  Arg  Gly Asp Leu -3
521 Arg His  Arg  Arg  Gly Asp Leu -3
65.1 Arg His  Arg  Arg  Gly Asp Leu -3
C4A3 7.4 Arg  His  Arg  Arg  Asp Asp Leu -4
7.2 Arg His  Arg  Arg  Asp Asp Leu -4
72 Arg  His  Arg  Arg  Asp Asp Leu -4
131 Arg His  Arg  Arg Asp Asp Leu -4
182 Arg His  Arg Arg Asp Asp Leu -4
3152 Arg  His  Arg  Arg Asp Asp Leu -4
441 Arg His Arg  Arg  Asp Asp Leu 4
44.1 Arg His Arg  Arg  Asp Asp Lew -4
442 Arg His  Arg  Arg  Asp Asp Leu -4
444 Arg  His  Arg  Arg Asp Asp Leu -4
521 Arg His  Arg  Amg Asp Asp Leu -4
541 Arg  His  Arg  Arg  Asp Asp Leu -4
581 Arg His  Arg  Arg  Asp Asp Leu -4
621 Arg  His  Arg  Arg  Asp Asp Leu -4
C4A4 18.1  Arg Pro Arg Arg  Asp Asp Leu -5
461 Arg  Pre  Arg  Arg Asp Asp Leu -5
462 Arg  Pro  Arg Arg Asp Asp Leu -5
551 Arg Pro Arg  Arg Asp Asp Leu -5
622 Arg Pro Arg  Amg  Asp Asp Leu -5
C4A6 571 Trp His Arg Arg Asp Asp Leu -5

Table 18: Amino acid changes involving charged residues. Seven polymorphic amino acid residues have been identified that result
1o 2 change i the charge of the amino acid. These residues are encoded within exons 12, 13, 17, 25,26 and 28 The amino acid
residues at these seven posihions are mdicated for all C4 genes included in our study. The resulung charge differences encoded by the
seven residues have been calculated {usmg the 8.1 C4B1 as reference) and are indicated in the column at the right
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charges. Similarly, the calculated net charge differences of all C4B2, C4A3 and C4A4
renes (relative to the 8.1 C4B1 gene) were found to be identical within the same allotype.
There were only two exceptions where calculated charges differed between C4 genes of
the same allotype. One of the four C4A2 genes was found to encode a net charge of -4
while the other C4A2 genes had a net charge of -3. In addition, both C4B5 genes differed
by -1 in their calculated charge.

() & (b}

B alz

Charge differences {relauve 1o the 8 1 C4B1)

: 1} B2 B3 B3 A9l Al A2 Al A4 Al CdB Caa

Figure 17: Electropharetic migration of Cd allotypes. (2) Cumulative charge differences between various C4 allotypes Charge
differences relative 1o the 8.1 C4B1 were calculated based on the analysis of amino acid substitutions involving charged residues
The resulting net charges were compared between C4 genes representing the same allotype and pletted as shown here. (b} Map of C4
allotypes as seen dunng the Vith Complement Genetics Workshop reference typing

It is notable, that the pattern presented in Figure 17 (a) is remarkably similar to the band
pattern observed by C4 allotyping (Figure 17 (b)). To see whether the ailotypic variation
seen at the protein level could be explained using the cumulative charge model, migration
rates of all individual C4 allotypes included in the analysis were examined in more detail.
Calculated charge differences within the C4B allotypes indicated the highest negative
charge for the C4BS5 allotype whereas the C4B1 allotype had the lowest negative charge.
Hence, the C4BS5 allotype would be expected to migrate fastest in an anodal gel while the
C4B1 allotype would be slowest. These theoretical expectations exactly correlate with
the electrophoretic mobility observed in an auarose gel for both allotypes. In addition,
the C4B2 and C4B3 allotypes were found to have calculated net charges of -1 and -2,
respectively. Electrophoretic separation of the C4B allotypes results in intermediate band
positions of C4B2 and C4B3 (i.e. both bands are located between the bands of the C4B1
and C4B5 allotypes). These migration rates are reflected by the calculated charges. C4B2
and C4B3 had a higher negative charge than C4B1, and C4B2 had a lower negative charge
than C4B5. The calculated charges of C4B3 and C4B5 where found to be identical.

Similarly, electrophoretic mobihties of the C4A allotypes could be explained using the
cumulative charge model. For example, the C4A6 allotype had been found to have the
highest negative net charge (compared to the 8.1 C4B1) and correspondingly, migrates
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fastest in an agarose gel. In contrast, the net charge of the C4A91 allotype had been
calculated to be -2, and thus was lowest compared to all other C4A allotypes. In an
agarose gel, the C4A91 allotype migrates slowest of all C4A allotypes, but shows a rela-
tive electrophoretic mobility similar to the C4B3 and C4B5 allotypes. Correspondingly,
the calculated net charges of the C4A91, C4B3 and C4BS5 allotypes were found to be
identical {except for the 54.1 C4B5). Migration rates observed for the C4A allotypes
range from C4A9] as the slowest variant and sequentially increase towards C4A6. Cal-
culated charges demonstrated a similar sequential increase in the negative charge, ranging
from -2 for C4A91 to -6 for C4A4 and C4A6.

In addition, this model could also explain the differences observed in electrophoretic
mobility between both C4 isotypes. In gcneral, C4A allotypes show faster migration
rates in agarose gels than C4B allotypes It 15 known that both isotypes differ by only
four anuno acids (located at positions 1101, 1102, 1105 and 1106). C4A allotypes have
Pro-Cys-Leu-Asp, whereas Leu-Ser-1le-His are found on C4B allotypes. The amino acid
substitution at position 1106 results in a change from a negatively charged amino acid
to positively charged one. This corresponds to a net charge difference of -2 between
both isotypes, and therefore explains the different migration rates observed by agarose
gel electrophoresis.

Minor differences observed between band positions of C4 allotypes with similar elec-
trophoretic mobilities (e.g. C4A91, C4B3 and C4B5) might be explained by structural
effects of the native protein. For example, some charged amino acids may be more ex-
posed than others, and may therefore have a greater contribution to the net charge of the
protein. In addition, other amino acid substitutions that do not directly contribute to the
charge of the protein may also be involved, as they might affect protein folding which in
turns may affect the location of charged amino acids within the protein.

To sum up, the sugpested model, based on the calculation of cumulative charge differ-
ences, could explain most of the variation seen by C4 allotyping. Of the 45 C4 genes
included in the present study, only two could not be explained using the suggested model.
The C4A2 gene from the 35.2 AH had a aspartic acid at position 1054 that was not seen in
any of the three other C4A2 genes. This substitution adds one additional ncuative charge
to this C4A2 allotype resulting in a distinct theoretical migration rate. In addition, the
54 1 C4B5 lacked one negative charge, which was found in exon 17 of the other C4B5
gene However, the 54.1 C4B5 might have another amino acid change somewhere else in

the gene

The electrophoretic mobilities of all other C4 alleles representing 10 different C4 allo-
types from various ancestral haplotypes could be explained using the suggested model.
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The model is based on only seven polymorphic amino acid residues, indicating that only
a small fraction of the nucleotide substitutions observed at the DNA level contributes to
the allotypic vanation seen at the protein level.
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5.6 Summary

The exonic regions of the C4 genes, that were not included in the 3.3 kb of sequence
described in Chapter 4, were screened for polymorphic sites by denaturing HPLC. The
identified polymorphisms were characterised by DNA sequencing and sequences repre-
senting various C4 allotypes from different AHs were compared. The results obtained
from the analysis are summarised here:

1. Validation of the dHPLC method revealed that it is a highly sensitive method for
the detection of unknown polymorphisms.

2. Characterisation of exonic regions revealed 31 single nucleotide substitutions. Sev-
enteen of these substitutions resulted in an amino acid change.

3. No insertions or deletions were present within the exons, suggesting that all C4
genes had the same reading frame and that C4A and C4B null alleles were probably
due to gene deletions rather than pseudogenes.

4. The most polymorphic exons are located in the C4d region of the C4 a-chain.
However, several exonic polymorphisms are present outside this region.

5. Polymorphic amino acid residues are located in the a- and B-chain of the C4 pro-

tein. The y-chain was found to be conserved between different C4 allotypes.

6. A number of polymorphisms were identified in exonic regions that have not been

previously reported in the literature.

7. An A to G substitution was found at position -146 of the C4 promoter. This poly-
morphism was unique to the 44.2 AH.

8. The presence of a previously described C4A6 specific residue in exon 12 was con-
firmed. C4A6 carries a tryptophan at residue 458 while all other C4 allotypes have
an arginine at this position.

9. A model was suggested explaining the allotypic variation observed for C4 proteins.
The model is based on only seven polymorphic amino acid residues. These residues
contribute to the charge of the C4 proteins, and hence affect electrophoretic mobil-
ities used to identify C4 allotypes.
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6 C4 and MHC associated diseases

6.1 Introduction

The MHC is well known for its association with numerous diseases, particular autoim-
mune diseases. Although the MHC has been extensively studied for many years, very few
practical benefits in the treatment of these disease have been achieved. The tight linkage
disequilibrium across the MHC makes it extremely difficult to identify tndividual discase
susceptibility genes. Further studies are required to characterise the highly polymorphic
genes located in the MHC region.

Various studies suggest a role of the complement C4 genes in susceptibility to disease.
Their complex organisation and great genetic diversity render C4 an excellent candidate
gene for MHC associated disease studies. However, current studies are limited by the
lack of molecular markers that would facilitate the determination of allelic frequencies
in normal and disease populations. Previous studies have shown that complete or par-
tial C4 deficiencies have an increased frequency in patients with autoimmune or immune
complex diseases, such as systemic lupus erythematosus (SLE), insulin-dependent dia-
betes mellitus (IDDM), IgA deficiency, rapid progression to HIV infection and multiples
sclerosis. However, these disease association do not necessarily imply a direct role of
C4 in susceptibility to disease but could also reflect the effect of closely linked genes.
Elucidation of the distribution of all C4A and C4B alleles in different ethnic groups as
well as in different disease populations would yield further insights into the role of C4

polymorphism in disease.

6.2 Haplospecific polymorphisms

Comparison of DNA sequences revealed a number of haplospecific polymorphisms, i.e.
polymorphisms that were unique to one particular AH and that were not found on any
other haplotype. The AHs that carry unique single nucleotide polymorphisms (SNPs) and
their alleles are listed in Table 22. The Table includes haplospecific polymorphisms that
were located within the 3.3 kb of sequence (spanning from intron 16 to 28, see Chapter 4)
as well as haplotype specific polymorphisms that were identified in other regions of the
C4 genes (see Chapter 5).

Of the 24 different AHs studied, fourteen carried unique SNPs within the C4 gene region
and in addition to this, two had unique combinations of SNPs that allow identification
of these AHs. For example, the 8.1 AH had an A at nucleotide position 6259 and a T at
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position 6528. This combination of SNPs was not present on any other haplotype. As
both polymorphic positions were only 269 bp apart, these SNPs may be used as markers
to identify the 8.1 AH, for example using an PCR-SSP (Sequence-specific primer) assay.
In addition, the 44.3 AH had a unique combination of SNPs at nucleotide positions 7641
and 8174, which would allow identification of this haplotype using an PCR-SSP assay.
The other AHs that were found to carry unique SNPs might be identified using one of
the various available SNP typing techniques. Haplospecific SNPs are useful markers
in disease mapping studies as typing of recombinant AHs for these markers allows the
identification of disease susceptibility loci [142]. It has been previously shown, that a
number of the AHs included in the present study are associated with various autoimmune
diseases. These disease associations are also shown in Table 22.

In addition to the unique SNPs found on various AHs, a number of polymorphisms have
been identified that were only present on two or three different AHs. For example, the
44.2,44.3 and 47.1 AHs share three unique SNPs at nucleotide positions 5656, 7641 and
9273 that were not found on any of the other AHs. In addition, the 44.2 AH also shares
three unique SNPs with the 54.1 AH (at positions 5776, 5862 and 5869). The 7.1 and the
52.1 AHs share a T at nucleotide position 6885 and another T at position 8642. Additional
polymorphisms, that were only present on a limited number of AHs, have been identified
at at least five other polymorphic sites (see Tables 13 and 20). These polymorphisms
might be haplotypic, i.e. might be present on all examples of a particular AH. Haplotypic
polymorphisms that are found on a number of AHs rather than one particular AH do not
allow direct identification of an AH, however, they might be useful in combination with
other markers. For example, the 7.1, 8.1 and 52.1 AHs share a unique T at nucleotide
position 5902 and a unique A at position 6259. In addition to this, the 7.1 AH and the
8.1 AH carry haplospecific SNPs or combination of SNPs that allow identification of
both haplotypes. No such haplospecific marker was found on the 52.1 AH. However,
the 52.1 AH might be identified by negative selection versus the 7.1 and 8.1 AHs by
typing for one of the SNPs shared by all three AHs and subsequent typing for 7.1 and 8.1
haplospecific markers.

Of the 45 C4 genes studied, remarkably few genes have been found to be identical over
the whole region included in the analysis. Apart from the C4A4 and C4B2 genes that
were shown to be highly similar (see Section 4.6), only two other pairs of genes were
found to be identical. The C4A3 genes of the 18.2 and 58.1 AHs share the complete ex-
onic sequence (see Chapter 5) as well as all intronic regions that were analysed (introns
10, 15, 17 to 27, 32, 34, 36 and intronic sequences flanking the exons, see Chapters 4
and 5). In addition, both haplotypes share a C4BQO allele, however, are different else-
where in the gamma block (i.e. have different alleles at the Bf locus). Interestingly, both
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haplotypes are associated with insulin-dependent diabetes mellitus (IDDM), although in
different populations. The 18.2 AH is found in Caucasians, whereas the 58.1 AH is a
Mongoloid haplotype that has been shown to be associated with IDDM in the Chinese
population. In addition to this, both C4A genes of the 35.2 AH were found to be identical
at the sequence level, even though one of the C4A alleles has been typed as C4A2 and
the other one as C4A3 using current C4 allotyping methods [180]. Therefore, the DNA
sequences do not explain the differences observed at the protein level between both C4A
alleles.

6.3 A haplospecific marker of the 62.1 AH

Sequence analysis of the C4 genes of the 62.1 AH revealed an A nucleotide at the first
base of codon 695 (exon 17) that was unique to the C4B3 gene of this haplotype. All
other C4 genes included in the present study were found to have a T nucleotide at this
position. The A to T substitution in codon 695 results in an amino acid change from a
serine residue on the C4B3 allotype to an arginine residue on all other C4 allotypes.

Allele at the C4B locus  C4B3 positive  C4B3 negabive

(codon 695, first base) (n=9) (n=10)
A ] 0
AT 5 0
T i 10

Table 21: Carriage of a 62.1 specific SNP among C4B3 posifive and negative individuals, The frequency of the A and T allele at
the first base of codon 695 of the C4B genes 1s shown,

To examine whether all C4B3 genes carry the A allele in exon 17, 9 C4B3 positive and
10 C4B3 negative individuals were tested for the presence of the SNP by sequence based
typing. The results of the SNP typing are shown in Table 21. The A allele was present
in 8§ of the 9 C4B3 positive individuals and in none of the C4B3 negative individuals.
The only individual that did not carry the A allele although C4B3 was present, did not
have any other markers of the 62.1 AH (i.e. was negative for HLA-B15, HLA-DR4 and
HLA-DQ8), raising the possibility that the C4B allele of this individual might have been
misreported. Some C4 allotypes are difficult to distinguish using electrophoresis based
typing methods since some allotypes show very similar migration rates. For example, the
C4B3 and C4A91 allotypes migrate at very similar rates, suggesting that the C4B3 allele
could also have been a C4A91 allele which would explain the absence of the A allele in
this individual.

Apart from this one exception, the data indicates that the A allele at the first base of codon
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695 of the C4 genes is always present when C4B3 is present and is not found on other
C4 genes. The C4B3 allotype is unique to the 62.1 AH. The presence of a C4B3 specific
marker in exon 17 of the C4 gene therefore allows identification of this AH. The 62.1 AH
is a particularly interesting haplotype as several studies have shown that the 62.1 AH
is increased in patients with insulin-dependent diabetes mellitus (IDDM) [49-51]. The
presence of a 62.1 specific SNP marker in the C4 gene region facilitates studies into the
role of the complement genes and other gamma block genes in IDDM.

To facilitate SNP typing of large sample sets, a PCR-SSP assay was developed. Typing
by PCR-SSP is an inexpensive, convenient and highly sensitive method, which allows
detection of one allele in the presence of an excess of another allele. This is very impor-
tant as an individual can have up to six C4 genes, of which only one might have the SNP.
Sequence specific primers were designed that bind to the A nucleotide allele in exon 17
of the C4B3 gene, and thus, will only amplify in the presence of the A nucleotide at the
first base of codon 695. Typing of the T nucleotide allele is not informative as all other
C4 genes carry this allele, including the C4A3 gene of the 62.1 AH. Therefore, the T al-
lele would be expected to be present in all individuals. The specificity of the SSP primers
was tested using a number of C4B3 positive and negative samples. The results are shown
in Figure 18, and demonstrate that the A nucleotide specific primers only amplify in the

presence of the C4B3 allele.

C4B3 positive C4B3 negative
individuals individuals

-

L
=
=

]
—
+
<

— HGH control
— A allele

Figure 18: SSP-PCR typing for a 62.1 specific SNP marker. Typing for the 62.1 specific SNP (A allele at the first base of codon
695 of the C4B3 gene) was performed using sequence specific primers (SSP). HGH (Human growth hormone) primers were used as
PCR control. Typing of C4B3 positive and negative individuals shows that the A specific band is only present when C4B3 is present.

91



6.4 Frequency of a 62.1 specific marker in IDDM patients and con-

trols

The 62.1 AH is marked by the presence of HLA-DR4/DQ8, which has been previously
shown to confer a high risk of diabetes in Caucasians. Although the MHC class Il genes
are known as the strongest genetic determinants contributing to disease susceptibility
[155, 160, 166], they do not explain all MHC associations with [DDM. Several studies
have suggested a role of central MHC genes in susceptibility to disease [3, 51, 154].
To examine the possible role of the complement C4 genes in diabetes, we have typed
a control group (n=65) and two IDDM patient groups (n=58) for a 62.1 specific SNP
marker in the C4 gene region. The results are shown in Figure 19.

Bussellon vontol group” IDDM paneais, HLA-DRB1*048 positive IDDM patienis. HLA-DRYDR4 neganve
(n=65} (n=35) (=23}

A DR4 H15 A UR4 3 BIS A DR4 DQ8

m

Figure 19: Markers of the 62.1 AH in diabetes patients and the Busselton control population. The presence of various markers
of the 62.1 AH is indicated by shading. The vertical axis shows the percentage of patients that carry components of the 62. AH. "A”
indicates the presence of an adenine 1n codon 695 (first base) of the C4 genes.

# The presence of the HLA-BI5 allele could not be excluded in one HLA-DR4-DQ8 positive patient and in 33 HLA-DR4-DQ8

negative patients.

SNP typing of the control group (n=65) revealed that the 62.1 specific C4 allele was
present in 3 individuals (4.6%). Of the 3 individuals, one carried the complete 62.1 AH
(including HLA-B15, DR4, DQ8), one carricd HLA-B15 in addition to the 62.1 specific
C4 marker and one carried HLA-DR4 in addition to the 62.1 SNP. Of the 62 individuals
that did not have the 62.1 specific SNP, 6 individuals carried the telomeric end of the
62.1 AH (characterised by HLA-B15) and 8 individuals carried the centromeric end of
the haplotype (marked by the presence of HLA-DR4, DQS).
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Typing of the 62.1 specific SNP was also performed in two IDDM patient groups. The
first group of IDDM patients (n=35) was selected on the presence of HLA-DRB1*0401,
which is a marker of the 62.1 AH but in addition is also found on the 44.1 and 62.2 AHs.
The 62.1 specific SNP was found in 13 patients (37.1%), of which 10 carried the complete
62.1 AH from HLA-B to HLA-DQ and 3 carried the centromeric end of the 62.1 AH.
HLA-B15, DR4, DQ8 was present in 5 patients that did not have the 62.1 specific SNP.
These S patients are most likely to carry the 62.2 AH which shares the HLA-B, DR and
DQ alleles with the 62.1 AH but has different alleles in the central region of the MHC
(c.g. has C4A4 and C4B2 as compared to C4A3 and C4B3 on the 62.1 AH), however,
could also be recombinant 62.1 AHs that lack the central MHC of this haplotype. Seven
of the patients that were negative for the 62.1 specific SNP had HLA-B44, suggesting
that these patients carry the 44.1 AH which is also characterised by HLA-DRB1*0401.
In addition, 23 IDDM patients that were HLA-DR3/DR4 negative were typed for the 62.1
specific SNP. Typing revealed that the SNP was present in one patient, who did not carry
any other markers of the 62.1 AH. Moreover, HLA-B15 was present in two patients. All
other patients carried different AHs.

The typing results of the HLA-DR3/DR4 negative IDDM patient group suggest that the
complement region of the 62.1 AH does not contribute to disease susceptibility indepen-
dently of HLA-DR4 as the 62.1 AH specific SNP was only found in one patient. The
patients were selected on the absence of HLA-DR3/DR4 as the HLA-DR4, DQ8 and
HLA-DR3, DQ2 class I genes are known to confer the highest risk of diabetes in Cau-
casians [155,160,166]. However, these genes were absent in the HLA-DR3/DR4 negative
IDDM patients, indicating that other factors, possibly located in the central region of the
MHC, must contribute to disease in these patients. From the present data it appears that
the complement region of the 62.1 AH does not contribute to disease independently from
HLA-DR4, however, larger numbers of patients and a control group selected on the same
criteria are required to confirm these results. The typing results of the HLA-DR4 positive
IDDM group are highly relevant as they show the frequency of the 62.1 AH specific SNP,
and with that, the frequency of the 62.1 complement region in a diabetic group. However,
further studies, including the characterisation of a HLA-DR4 positive control population,
are required to show whether the complement region of 62.1 AH contributes to disease in
HLA-DR4 positive patients. Identification of recombinant 62.1 AHs haplotypes would
facilitate disease mapping studies aimed at the characterisation of disease susceptibility
loci outside the MHC class II region. In the present study, a 62.1 specific SNP marker
located in the C4 gene region was characterised. The results obtained from the present
work enable future studies to include the C4 gene region in disease mapping approaches,
which would elucidate the role of the polymorphic C4 genes and other gamma block
genes in susceptibility to diabetes.
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6.5 Summary

Characterisation of the complement C4 genes revealed a number of points that may be
highly relevant for further investigations of MHC disease associations:

1. A number of AHs carry haplospecific polymorphisms within the C4 genes, Many
of these AHs have been shown to be associated with autoimmune diseases. There-
fore, haplospecific polymorphisms located in the C4 gene region may Serve as

markers in disease mapping studies.

2. Apart from the C4A4 and C4B2 genes, very few C4 genes were found to be iden-
tical at the sequence level. The only other examples were the C4A3 genes of two
diabetogenic AHs (18.2 and 58.1) and the two C4A genes of the 35.2 AH.

3. A 62.1 haplospecific SNP marker was identified in exon 17 of the C4B3 gene.
Typing of C4B3 positive and negative individuals confirmed that the SNP is hap-

lospecific.

4. The 62.1 AH has been previously shown to be associated with IDDM. The charac-
terisation of a haplospecific marker in the C4 gene region of the 62.1 AH enables
future studies to include this region into disease mapping approaches.

5. The frequency of the 62.1 specific SNP was shown for a control population and
two IDDM patient groups. Further studies are required to elucidate the role of C4
in susceptibility to diabetes.
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7 Discussion

Human complement component C4 is known as one of the most complex and polymor-
phic molecules of the complement system. Two isotypic forms with different chemical
reactivities have been described. In addition, typing of C4 proteins revealed more than
40 C4 allotypes. Although the characteristics of the different C4 allotypes are well es-
tablished at the protein level, the sequences encoding the allotypic variants have not been
described. The present study was aimed at the elucidation of the molecular heterogeneity
of the complement C4 genes and the identification of the sequences which encode the
protein variants. The C4 genes from a range of different ancestral haplotypes (AHs), rep-
resenting various C4A and C4B allotypes, were examined. Although only one example
of each AH was studied, previous studies have shown that all examples of a haplotype
carry identical sequences at all loci tested [40,42].

Different AHs vary in the number of C4 genes, with most AHs carrying two but many
carrying one or three C4 genes [44]. The AHs included in the present study were chosen
to represent a range of different arrangements of the C4 genes. Most of the AHs studied
contained two C4 genes, however, two AHs carried three C4 genes (7.2 and 65.1 AHs)
and a number of AHs carried only one C4 gene. Several of these AHs contained C4A or
C4B null alleles, characterised by the absence of gene product. C4 null alleles may be due
to the presence of single C4A or C4B genes (as on the 18.2 and 8.1 AHs, respectively), or
may result from the expression of identical C4 isotypes or allotypes on AHs with two C4
loci (as on the 42.1 and 52.1 AHs) [83). Previous studies have shown that non-expressed
genes (pseudogenes) have a frequency of less than 1% [94]. Analysis of our samples
suggested that the C4 gene copy number of a haplotype can be estimated by quantitative
sequence analysis. Quantitative sequences were found to correlate with the number of C4
genes indicated in the description of every individual AH. Quantitative sequences of AHs
with C4 null alleles provided no evidence for the presence of non-expressed C4 genes at
the second locus. In addition, none of the previously described insertions or deletions
detected in C4 pseudogenes [119-121] were identified in our samples. Thus, the C4 null
alleles present on some of the AHs studied were most likely due to gene deletions rather
than the presence of pseudogenes.

Analysis of the isotypic sequences in exon 26 confirmed that C4A genes encode Pro!!™!,

Cys''02, Leull® Asp!'® while C4B genes encode Leu!'®!, Ser'!®, [le"%, His"'™.
These four amino acid residues have been shown to account for the differences in func-
tional activity of both C4 isotypes [91]. The activated form of C4A has a high binding
affinity towards amino group containing substrates, whereas C4B preferentially reacts
with hydroxyl group containing substrates. Further variation comes from the Rodgers
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and Chido antigenic determinants detected on red blood cells [99]. All together, two
Rodgers, six Chido and one rare determinant called WH have been described. The se-
quences encoding these determinants are located in exons 25, 26 and 28. Analysis of our
C4 genes confirmed that Rodger antigens arc found on C4A isotypes and Chido antigens
on C4B. However, there were a number of C4 allotypes that showed reversed antigenicity
(C4A12 and C4A91) or partially reversed antigenicity (C4A2, C4A3 and C4Bl). In ad-
dition, Rodgers and Chido analysis revealed that some C4 allotypes such as C4A2, C4A3
and C4B1 are not homogeneous and may be split into subtypes, as has been previously
shown for other C4 allotypes [95].

The C4d region of the C4 o-chain, which encodes the residues accounting for the 1so-
typic and Rg/Ch variation, is known as the most polymorphic region of C4. However, a
number of polymorphic amino acid residues are encoded outside this region. Our analy-
sis identified four additional amino acid changes in the a-chain (outside the C4d region)
and another 4 amino acid changes within the B-cham. However, no polymorphic amino
acid residues were identified within the y-chain, indicating that this region is conserved
berween ditferent AHs.

Comparison of C4 gene sequences (including exonic and intronic regions) revealed an
even higher degree of polymorphism than has been observed at the protein level. All
C4 allotypes that were included with more than one example from different AHs could
be split at the sequence level due to the presence of different alleles or combinations of
alleles at polymorphic sites. For some C4 allotypes as many as 7 or 8 unique sequences
were identified. All together, analysis of 3.3 kb of sequence revealed 35 sequence vari-
ations. The MHC is well known for its extreme polymorphism. Especially the coding
regions of the MHC class I and II genes show unusually high levels of nucleotide vari-
ability [35, 185]. However, studies of the central region of the MHC have also indicated
nucleotide variabilities greater than 1% [35], which is much higher than observed else-
where in the genome [186, 187].

The structural and functional diversity of C4A and C4B proteins and the molecular het-
erogeneity of the C4 genes can be largely attributed to gene rearrangements, duplica-
tions, deletions and conversions which occur frequently in the C4 gene region [114,
115, 175, 188]. The prevalence of different RCCX length variants increases the fre-
guency of genetic recombination or unequal crossover, contributing to genetic instability
and homogenisation of RCCX genes [83,94, 114, 189]. Misalignments of RCCX mod-
ules give rise to duplications and deletions of the RP1, C4A, C4B, CYP21 and TNX
renes [130]. However, recombination may also occur within the C4 genes as signal se-
quences enhancing recombination were identified in the C4d region which may promote

the exchange of genetic information among different C4 variants [102]. Gene conversion
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has been suggcsted as mechanism generating identical mutations in both C4A and C4B
genes [120 188] A number of studies have shown that rearrangements contributing to
the C4 polymorphism are ongoing processes. The various polymorphic forms may have
created sclection advantage during evolution allowing recognition of a wide range of dif-
ferent microbial antigens, however, the rearrangements have also caused deficiency states
leading to disease [94,114].

Phylogenetic analysis, based on both intronic and exonic polymorphisms within 3.3 kb
of sequence (roughly the C4d region), revealed that sequences representing the same
C4 allotype did not cluster together in most cases. The only exception were the C4A4
allotypes which formed a separate subgroup within the phylogenetic tree. All other C4
alleles were found together with C4 alleles representing different C4 allotypes. These
results indicate that polymorphisms observed at the DNA level do not correlate with C4
allotypes defined by serology. However, the phylogenetic analysis revealed that C4A
alleles from different AHs fell into one group and the C4B alleles fell into another, even
when the residues determining the functional differences between both isotypes were
excluded from the analysis. A similar tree showing separation of C4A and C4B alleles
was obtained by Kawaguchi et al. [190], comparing exonic C4d sequences from three
primate species with human C4d. In addition, comparison of exonic C4d sequences
from nine primate species in a study by Paz-Artal et al. [99] suggested trans-species
evolution for the C4d region, because alleles belonging to different species were found to
cluster together. However, the same studies have shown that phylogenetic trees based on
both intronic and exonic sequences demonstrate clustering of alieles from each primate
species [99, 190]. These results were interpreted as supporting the theory of extensive

homogenisation of the C4 genes in each species.

The sequences were further analysed for the presence of polymorphisms that encode the
allotypic variation seen by electrophoresis based C4 typing methods. As differences in
electrophoretic mobility may be caused by charge differences of the protein, the C4 gene
sequences were analysed for the presence of polymorphisms that may affect the charge. It
was found that seven nucleotide polymorphisms located in exons 12, 13, 17, 25,26and 28
resulted in an amino acid change involving a charged residue. The amino acids encoded
at these positions were compared and the resulting charge differences were calculated. It
could be shown that these seven polymorphic residues account for the allotypic variation
observed at the protein level. The calculated charges were found to correlate with the
electrophoretic mobilities observed by C4 allotyping methods, i.e. the C4 allotypes that
migrate fastest in an agarose gel had the highest calculated charges. Using this model,
the separation of the most common C4A allotypes (including C4A91, C4A12, C4A2,
C4A3, C4A4 and C4A6) and C4B allotypes (including C4B1, C4B2, C4B3 and C4B5)
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could be explained. 1t is notable, that only a very small fraction of the polymorphisms
observed at the sequence level contributes to the allotypic variation of C4 as the model
is based on only seven polymorphic residues. Whether the model can also be applied
for the other less frequent C4 allotypes needs to be investigated. The elucidation of the
sequences encoding the C4B92, C4B94 or C4B%6 allotypes would be of special interest
as these allotypes show very slow electrophoretic migration rates (i.e. migrate slower
than C4B1).

One of the objectives of the present study was to develop DNA based C4 typing methods
as current C4 allotyping methods are technically difficult and do not allow a high through-
put of samples. In addition, unambiguous assignment of C4 allotypes may be difficult
using current typing methods as some allotypes show very similar electrophoretic mobil-
ities However, characterisation of the polymorphisms encoding the allotypic variation
revealed that there are no allotype specific polymorphisms that would allow identifica-
tion of all individual C4 allotypes. Although some C4 allotypes including C4A4, C4A6,
C4B3 and possibly C4BS5 carry unique amino acid residucs, other C4 allotypes cannot
be identified by a single amino acid residue but are characterised by cumulative charge
differences resulting in their distinct electrophoretic mobilities. Therefore, DNA based
typing methods for the identification of the known allotypic variants would have to in-
clude several polymorphic sites, and thus would be rather complex.

However, the present study has provided some insights into the molecular heterogeneity
of the complement C4 genes. Most of the polymorphisms described by DNA sequence
analysis are not detectable using current C4 allotyping methods, and hence are not in-
cluded in the current C4 nomenclature. The current nomenclature of C4 is based on the
distinction of C4 into two isotypes (C4A and C4B) based on their hemolytic activity and
into several C4 allotypes defined by their electrophoretic mobility [191]. It has been
previously acknowledged that this nomenclature has many limitations [56]. For ¢xam-
ple, the association of C4A and C4B allotypes with different Rodger and Chido antigens
is not indicated. Therefore, Schneider et al. [192] have proposed a revised nomencla-
ture including several subtypes based on Rg/Ch typing results in addition to the allotype
designation defined by electrophoretic typing methods. However, there are still several
limitations to this revised nomenclature, The variation in the functional activity of the C4
allotypes is not included. The C4 genes differ in size due to the presence of the HERV-
K(C4) insertion in some C4 genes, and may therefore may be long or short, which is not
indicated by the current nomenclature. In addition, our analysis has shown that almost all
C4 allotypes are heterogeneous and that the polymorphisms observed at the DNA level
do not correlate with the C4 allotypes defined by electrophoretic mobility. Taking all this
into account, a systematic revision of the C4 nomenclature should be considered.
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Sequence comparison of the C4 genes from different AHs also revealed a number of hap-
lospecific single nucleotide polymorphisms (SNPs). SNPs are useful markers in disease
mapping studies as typing of recombinant AHs for these markers allows the identifica-
tion of disease susceptibility loci [142]. It has been previously shown, that a number
of the AHs included in the present study are associated with various autoimmune dis-
cases. The 8.1 AH is a particular interesting haplotype as it is associated with several
immunopathological disorders, including insulin-dependent diabetes mellitus (IDDM),
systemic lupus erythematosus, myasthenia gravis, rapid progression of HIV infection
and IgA deficiency [46,47]. Using recombinant mapping techniques, it has been shown
that a number of disease susceptibility genes are located within the central region of the
MHC [47,151-153]. However, this region contains more than 50 genes with immuno-
logical and non-immunological functions, and to date very few individual susceptibility
genes have been identified. A number of studies have examined the telomeric region
of the central MHC, but few studies have included the complement region, despite the
high degree of polymorphism found for some complement proteins. It is well established
that the MHC is organised in evolutionary "frozen” blocks within which recombination
is inhibited, whereas the boundaries of each block have been shown to be hotspots of
recombination (see Figure 2, Section 2.1.3). The central region of the MHC is organised
in at least two different blocks, between which recombination has been observed [38].
The genes located at the centromeric end of the central MHC (including the complement
genes C2, Bf, C4A and C4B) belong to the gamma block, whereas the genes located at
the telomeric end of the central MHC (including BAT! and TNF) belong to a different
block. Therefore, haplospecific SNPs present within the C4 genes are important mark-
ers as they represent a separate block of the MHC. Recombinant mapping studies using
haplospecific SNPs present within the C4 genes would yield insights into the role of C4,
but also into the role of other gamma block genes in susceptibility to MHC associated

diseases.

A SNP marker has also been identified on the C4B3 gene of the 62.1 AH. Previous
studies have shown that the 62.1 AH has an increased frequency in patients with insulin-
dependent diabetes mellitus (IDDM) [49-51]. Although this haplotype carries the HLA-
DR4, DQ8 genes, which are known to confer a high risk of diabetes in Caucasians
[155, 160, 166), several studies suggest that central MHC genes may contribute to dis-
ease susceptibility [3,51,154]. The identification of a SNP marker in the complement
C4 pene region of a diabetogenic AH enables further studies to investigate the role of the
gamma block genes in susceptibility to [IDDM. In the present study, a PCR-SSP assay was
developed to facilitate SNP typing. Using this assay, the frequency of the 62.1 specific
SNP marker was shown for a control population and two IDDM patient groups. Although
further studies, using a larger patient cohort and an appropriate number of control sub-
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jects, are required to examine the significance of the gamma block genes in diabetes, the
present study demonstrates a possible approach for future MHC disease mapping studies.

Similar approaches, using respective haplospecific SNP markers present in the C4 gene
region, may also be applied for disease mapping studies investigating other MHC as-
sociated diseases. Traditionally, MHC disease mapping studies were based on typing
for alleles at the classical HLA loci, including HLA-A, HLA-B and HLA-DR. How-
ever, these classical markers only represent the alpha (HLA-A), beta (HLA-B) and delta
(HLA-DR) block of the MHC, but do not allow disease mapping studies to elucidate the
role of the central MHC in susceptibility to disease. Therefore, more recently, polymor-
phic microsatellites and haplospecific SNP markers have been used in disease mapping
studies [39, 151, 153, 168, 170]. SNP markers in the central region of the MHC have,
for example, been identified in the BAT1 and TNF genes [27,149,150]. However, these
genes are located at the telomeric end of the central MHC, outside the gamma block.
Few of the genes located in the gamma block have been characterised at the molecular
level, resulting in a lack of well characterised molecular markers for this region. The
identification of haplospecific SNP markers in the complement C4 gene region enables
future studies to include the gamma block genes in MHC disease mapping.

SNPs may also be useful as genetic markers for the identification of high risk haplotypes
in clinical settings. For example, it has been shown that the 57.1 AH is associated with
hypersensitivity to abacavir [39, 193]. Abacavir is a potent nucleoside reverse transcrip-
tase inhibitor used in combination with other anti-retroviral drugs in the treatment of HIV
infected patients [194]. However, in about 5% of patients treated with abacavir a poten-
tially life-threatening hypersensitivity reaction occurs [195,196]. The 57.1 AH is marked
by HLA-B*5701, C4A6, HLA-DRB1*0701 (DR7) and HLA-DQB1*0303 (DQ3). Ina
study by Mallal et al. [39], the presence of the 57.1 AH had positive and negative predic-
tive values for abacavir hypersensitivity of 100% and 72%, respectively. Recombinant
mapping studies have identified the region contained between C4A6 and HLA-Cw6 on
the 57.1 AH to confer susceptibility to the hypersensitivity reaction [39]. Therefore,
markers of the 57.1 AH would be uscful in the development of a highly predictive test
for abacavir hypersensitivity, which would allow for a safer use of the drug. One such
marker of the $7.1 AH is the C4A6 allotype, which is not found on other AHs. The C4A6
allotype is marked by fast electrophoretic mobility in gel based C4 typing methods, but

can also be identified due to the presence of a unique SNP in exon 12 of the gene.

Some of the nucleotide variations identified in the present study result in amino acid
changes, and may therefore affect the functional activity of the C4 proteins. For exam-
ple, the arginine to tryptophan substitution at position 458 of the C4A6 allotype has been
previously shown to disrupt the C5 binding site of the C4 p-chain, resulting in hemolytic
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inactivity of the C4A6 allotype [123]. A similar effect has been found for the proline
to leucine substitution at position 459 of a hemolytic inactive C4B1 allotype [197]. Pre-
vious studies suggest an important role of C4 in the immune response as C4 deficiency
is almost invariably associated with autoimmune or immune complex diseases. For ex-
ample, it has been shown that C4A null alleles have an increased frequency in patients
with systemic lupus erythematosus-like diseases [125,126, 128]. The C4A isotype func-
tions in immunoclearance through binding to 1gG in antibody-antigen aggregates or to
antigens of immune complexes. Thus, C4A deficiency may result in impaired clearance
of these complexes, which might cause inflammatory damage and lead to autoantibody
production [198]. Complete deficiency of C4B is associated with recurrent bacterial and
viral infections {130]. C4B is highly reactive towards hydroxy! group containing anti-
gens which are found on enveloped viruses and bacteria covered with capsular polysac-
charides [90]. The C4 proteins are part of a cascade of reactions leading to complement
activation at sites of infection. Polymorphisms that affect C4 expression levels or alter the
functional activity of C4 may therefore have complex effects on the immune response. In
the present study, a C4 promoter polymorphism and a number of coding polymorphisms
have been described. However, further studies are required to elucidate their possible
roles in susceptibility to MHC associated diseases.
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8 Summary and conclusions

Complement component C4 is encoded by two highly polymorphic loci, C4A and C4B,
located in the central region of the MIIC. C4 allotyping based on differences in elec-
trophoretic mobility revealed several different C4 allotypes. The present study suggests
a model, based on seven polymorphic amino acid residues, that explains the allotypic
variation observed at the protein level. These seven amino acid residues contribute to the
charge of the C4 proteins, and hence affect the electrophoretic mobility of the protein
variants. Comparison of DNA sequences representing the same C4 allotype but different
AHs revealed that most C4 allotypes are heterogeneous and may be split into several sub-
types due to the presence of unique polymorphisms or combinations of polymorphisms
at the DNA level. The present study has for the first time systematically characterised the
extent of nucleotide polymorphism of most common C4 allotypes. The results show that
sequence variations do not correlate with the C4 allotypes defined by serology, and that
the C4 genes are far more polymorphic than is indicated by the present C4 nomenclature.
These findings as well as previous studies suggest that a revised C4 nomenclature will be
necessary, which is based on our current knowledge of the structural and functional diver-
sity of the C4 protein variants, the extent of C4 gene polymorphism and the complexity
of the C4 gene arrangements.

The localisation of the C4 genes in the MHC and their extensive genetic diversity render
C4 an excellent candidate gene for MHC associated disease studies. C4 acts as part of
a cascade of reactions leading to complement activation at sites of infection. Genetic
deficiency or insufficient regulation of one of the complement components can lead to
a defect of the whole system. Partial or complete deficiencies of C4 are almost invari-
ably associated with autoimmune or immune complex diseases. Very few studies have
examined the contribution of other C4 alleles to disease susceptibility, probably due to
the technical difficulties associated with current C4 allotyping methods. However, the
present study has revealed a number of SNPs which allow identification of various C4
allotypes and of several disease associated AHs. Hence, future studies aimed at the elu-
cidation of the physiological role of C4 in susceptibility to discase, are facilitated by
the availability of a number of molecular markers in the C4 gene region. Haplospecific
SNPs in the C4 gene region are also important markers for MHC disease mapping stud-
ies as they represent a separate block of the MHC (i.e. the gamma block). The gamma
block contains a number of genes with immunological and non-immunological functions.
However, few studies have investigated the significance of these genes in susceptibility
1o disease, which may in part be related to the lack of characterised molecular mark-

ers located in the gamma block. Thus, recombinant disease mapping studies using SNP
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markers located in the C4 gene region would not only elucidate the physiological sig-
nificance of different C4 alleles, but would also contribute to the identification of other
closely linked genes that may be important in susceptibility to MHC associated diseases.

In summary, this study, aimed at the characterisation of the molecular heterogeneity of

the human complement C4 genes, revealed the following:

1. Mutation screening by DNA sequencing allows quantitative scquence analysis.

Quantitative sequences reflect C4 gene copy numbers.

2. Denaturing HPLC is a highly sensitive mutation screening method which allows a
high throughput of samples.

3. The C4d region of the C4 a-chain is most polymorphic. However, polymorphic
amino acid residues are also present in other regions of the a-chain and m the
B-chain, whereas the y-chain is conserved between different C4 allotypes. The

highest degree of polymorphism was seen in the introns.

4. Nucleotide polymorphisms do not correlate with the C4 allotypes defined by serol-
OgY.

5. Most C4 allotypes are heterogeneous at the DNA level and may be split into several
subtypes.

6. The C4A4, C4B2 and C4B5 genes of the C4A4 containing haplotypes have prob-

ably evolved from a common ancestor.

7. The different electrophoretic mobilities of the C4 allotypes can be explained by
cumulative charge differences. Seven polymorphic amino acids have been shown
to account for the allotypic variation of the most common C4 allotypes.

8. A number of haplospecific SNP markers are present in the C4 gene region that

allow identification of various disease associated ancestral haplotypes.

9. Haplospecific markers within the C4 genes facilitate studies into the role of the
gamma block genes in susceptibility to MHC associated diseases. A possible ap-

proach was demonstrated for a SNP marker present of a diabetogenic ancestral
haplotype.
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A Reagents, buffers and solutions

A.1 Reagents

Reagent

Ampicillin

Bacto Agar

Bacto Tryptone

Bacto Yeast Extract

Big Dye Terminator Cycle Sequencing Kit
Boric Acid

Bromophenol Blue

dNTP Set, PCR Grade

EDTA

Ethidium bromide

Expand Long Template PCR System
Gelatin

Glucose

Hydrochleric Acid (HCI)
IPTG

IM109 competent cells
Lambda plus DNA ladder
Magnesium chloride (MgCly)
QIAamp DNA Mini Kit
pGEM-T Easy Vector
Platinum Taq DNA polymerase
Potassium chloride (KCI)
Protease K

Sodium acetate

Sodium chloride (NaCl)
Sucrose

TempliPhi DNA Amplification Kit
Trizma Base

UltraClean PCR Clean-up Kit
Ultra Pure Agarose

X-Gal
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Source

Promega

DIFCO Laboratories
BD Biosciences
DIFCO Laboratories
Applied Biosystems
BDH AnalaR

Bio-Rad

Invitrogen Life Technologies
BDH AnalaR

Sigma

Roche

BDH AnalaR

BDH AnalaR

BDH AnalaR

Piomega

Promega

GIPCO BRL

Ajax Chemicals
Quiagen

Promega

Invitrogen Life Technologies
Sigma

Quiagen

Applied Biosystems
APS Finechem
Boehringer Mannheim
Amersham Biosciences
Sigma

MO BIO Laboratories
Invitrogen Life Technologies

Promega



A.2 Buffers and solutions

1% Agarose gel

45g Ultra Pure Agarose
450 m] 0.5 x TBE buffer
170 pl 1 mg/ml ethidium bromide

The agarose was dissolved in 0.5 x TBE buffer in the microwave and 170 pl of ethidium
bromide were added. Agarose gels were stored at room temperature or at 60°C for im-

mediate use.

40 mM dNTP

200 ul 100 mM dATP solution

200 pl 100 mM dCTP solution

200 ul 100 mM dGTP solution

200 pnl 100 mM dTTP solution

1200 ul CSL water

200 ul of each dNTP were combined and added to 1200 pl of CSL water. Aliquots of
20 ul and 40 pl were stored at -20°C.

1 mM EDTA
37.2 g EDTA were dissolved in 100 ml Milli-Q water, autoclaved and stored at room

temperature.

Elution buffer (1:2)
Elution buffer was diluted 1:2 with CSL water and stored at room temperature.

100 mM IPTG
24 mg IPTG were dissolved in 1 ml of CSL water and stored at -20°C.

Lambda plus DNA ladder

1 ml Lambda plus DNA Ladder (1 pg/ul)
2 ml loading buffer type IV
7 ml CSL water

Lambda plus DNA ladder, loading buffer type IV and water were mixed. 1 ml aliquots
were stored at -20°C for long term storage or 4°C for immediate use.

LB medium

4g Bacto Tryptone
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2g Bacto Yeast Extract

2g NaCl

Bacto Tryptone, Bacto Yeast Extract and NaCl were dissolved in 300 ml Milli-Q water,
pH was adjusted to 7.0 with NaOH and made up to 400 ml with Milli-Q water. The
medium was autoclaved and stored at room temperature.

LB plates with ampicillin/IPTG/X-Gal

6g Bacto Agar

450 ml LB medium

400 pul ampicillin (1 mg/ml}

12-15 85 mm petri dishes

The agar was added to the LB medium and dissolved in a microwave. The medium was
autoclaved and allowed to cool to 50°C before ampicillin was added. 30-35 ml of the LB
agar medium were poured into each petri dish and left until agar was hardened. Plates
were stored at room temperature for up to one week or at 4" C tor up to one month. Prior
to use 100 pl of 100mM IPTG and 20 ul of 50 mg/ml X-Gal were spread over the surface
of each LB-ampicillin plate and allowed to absorb for 30 min at 37°C.

Loading buffer type IV

8g sucrose

005g Bromophenol Blue

Sucrose and Bromophenol Blue were added to 20 ml of Milli-Q water and stirred on a
magnetic stirrer. Once dissolved, solution was made up to 200 ml with Milli-Q water.
1 ml aliquots were stored at -20°C for long term storage or at 4°C for immediate use.

1 M Magnesium chloride (MgCl;)
20.3 g MgCly-H,0 were dissolved in 100 ml Milli-Q water, autoclaved and stored at

room temperature.

2 M Magnesium chloride (MgCl,)
40.6 g MgCly-HyO were dissolved in 100 ml Milli-Q water, autoclaved and stored at

room temperature.

10 x PCR buffer

0.625ml 1M MgCl;

2.5 ml 1 M Tris-HCl pH 8.3
12.5ml 1 MKCI

0.125ml 20 mg/ml Gelatin
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9250 ml CSL water
MgCls, Tris-HC1 pH 8.3, KCI and Gelatin were mixed and filled up to 25 mi with CSL
water. 1 m! aliquots were stored at -20°C.

PCR primers (25 pmol/ul)

27 nmol  dry, desalted pnmer

108 pl TE buffer pH 8.0

Dry, desalted primers were reconstituted in TE buffer pH 8.0 to a final concentration of
250 pmol/ul and put on a rotor for 30 min. For use in PCR reactions, stock solutions were
diluted 1:10 with CSL water. Stock solutions of primers (250 pmol/ul) and PCR primer
solutions (25 pmol/pl) were stored at -20°C.

1 M Potassium chloride (KCl)
18.65 g KCI were dissolved in 250 ml Milli-Q water, autoclaved and stored at room tem-
perature.

Sequencing primers (1 pmol/ul)
PCR primers (25 pmol/ul) were diluted 1:25 with CSL water for use as sequencing
primers and stored at -20°C.

SOC medium

2g Bacto Tryptone
05¢ Bacto Yeast Extract
1 ml 1 M NaCl

0.25 ml 1 M KCI

1 ml 2 M MgCl,

I ml 2 M glucose

Bacto Tryptone, Bacto Yeast Extract, NaCl and KCl were added to 97 ml of Milli-Q wa-
ter, stirred until dissolved and autoclaved. After cooling to room temperature, MgCl; and
glucose were added, solution was made up to 100 ml with sterile Milli-Q water, filtered

and stored at room temperature.

1 M Sodium chloride (NaCl)
14.1 g NaCl were dissolved in 100 ml Milli-Q water, autoclaved and stored at room tem-

perature.

0.5 x TBE buffer
0.5 1 of 10 x TBE buffer were mixed with 9.5 1 Milli-Q water and stored at room tem-
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perature,

10 x TBE buffer

2156¢g Trizma Base

110g boric acid

164 ¢g EDTA

Trizma Base, boric acid and EDTA were weighed into a sterile flask and dissolved in
1.2 1 of Milli-Q water with continuous mixing on a magnetic stirrer. Once dissolved, the
solution was made up to 2 1 with Milli-Q water, autoclaved and stored in the dark.

TE buffer pH 7.5
2 ml 10 ml] Tris-HCl pH 7.5
0.4 ml 1 mM EDTA

Tris-HCI and EDTA were mixed with 150 ml Milli-Q water. pH was adjusted to 7.5 with
HCI/NaQH. Solution was made up to 200 ml with Milli-Q water, filtered and stored at

room temperature.

TE buffer pH 8.0

2ml 10 ml Tris-HCI pH 7.5

0.4 ml 1 mM EDTA

Tris-HC] and EDTA were mixed with 150 m| Milli-Q water. pH was adjusted to 8.0 with
HCI/NaOH. Solution was made up to 200 ml with Milli-Q water, filtcred and stored at

room temperature,

10 mM Tris-HCI pH 7.5
10 ml of 1 M Tris-HC| were made up to 70 ml with Milli-Q water, pH was adjusted and
solution filled up to 100 ml. Storage was at room temperature.

1 M Tris-HCI pH 8.3
30.3 g Trizma Base were dissolved in 250 ml Milli-Q water. pH was adjusted to 8.3 with

HCI, buffer was autoclaved and stored at room temperature.
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B Phylogenetic analysis

B.1 Phylogenetic tree based on coding polymorphisms

44 4 CAAS
7.2 CAAG 1
48.1 C4A4
7.2 0AA32
52.1 C4A3
57.1 C4AB
18.1 C4A4
37(13.1 C4A3
35.2 C4A3
35.2 C4A2
7.1 C4A3
55.1 CAA4
3 l62.2 cand
54.1 CAA3
46.2 CAA4
14|['44.2 C4A3
52 1 CAA20r3 2

" _5a|33 1 C4A2
34185 1 Can2
48| |'52.1 caAZoA 1

44.1 C4A3 1

44.1 C4A3 2

18.2 C4A3

88

55

58.1 CAA3

421 CAA120r91 1
42,1 C4A120r91 2
651471 C4A81

0.05

Figure 20: Phylogenetic sequence analysis based on coding polymorphisms. Unrooted neighbour-joining tree of human C4A
and C4B genes from different AHs. Coding polymorphisms within 3.3 kb of sequence (spanning from intron 16 to 28) were used to
construct the tree. These include the isotype specific sequences and the sequences encoding the Rodger and Chido determinants. The
bootstrap percentage from 1,000 replicates is indicated at each node. C4A allotypes are marked by a yellow box; C4B allotypes are

highlighted by a blue box.
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44 4 C4A3
7.2 CAAZ
46.1 [N
7.2 C4A3 2
62.1 C4A3

57.1 GARE
18.1
37(13.1 C4A3
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7.1 CAAR
55.1
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42.1 C4A 125800 2
55 147 1 fmaN
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Figure 21: Phylogenetic sequence analysis based on coding polymorphisms. Unrooted neighbour-joining tree of human C4A
and C4B genes from different AHs. Coding polymorphisms within 3.3 kb of sequence (spanning from intron 16 to 28) were used
to construet the tree. These include the isotype specific sequences and the sequences encoding the Rodger and Chido determinants.
The bootstrap percentage from 1,000 replicates is indicated at each node. Each C4 allotype is marked by a different colour to show
distribution of individual alleles within the tree.
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B.2 Phylogenetic tree based on non-coding polymorphisms

42.1 C4A120r81 2
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Figure 22: Phylogenetic sequence analysis based on non-coding polymorphisms. Unrooted neighbour-joining tree of human
C4A and C4B genes from different AHs. Intronic and synonymous polymorphisms within 3.3 kb of sequence (including 22 single
nucleotide substitutions and two 1-bp deletions) were used to construct the tree. The bootstrap percentage from 1,000 replicates is
indicated at each node. C4A allotypes are marked by a yellow box; C4B allotypes are highlighted by a blue box.
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Figure 23: Phylogenetic sequence analysis based on non-coding polymorphisms. Unrooted neighbour-joining tree of human
C4A and C4B genes from different AHs, Intronic and synonymous polymorphisms within 3.3 kb of sequence (including 22 single
nucleotide substitutions and two 1-bp deletions) were used to construct the tree. The bootstrap percentage from 1,000 replicates is
indicated at each node. Each C4 allotype is marked by a different colour to show distribution of individual alleles within the tree.
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C Denaturing HPLC

C.1 Non-denaturing analysis
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Figure 24: Non-denaturing analysis of samples on the HPLC. To determine siz¢, yield and punty of PCR products, all 23 amph-

cons of the reference sample (8.1 AH) were analysed under non-denaturing conditions (50°C)
From top to bottom' E1 (375 bp), E2 {349 bp), E3 (330 bp), E4+5 (376 bp) and E6 (319 bp).
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Figure 25: Non-denaturing analysis of samples on the HPLC. To determune size, yield and purity of PCR products, all 23 ampli-
cons of the reference sample (8.1 AH) were analysed under non-denaturing conditions {50°C).
From top to bottom: E7 (297 bp), E8 (254 bp), E9 (342 bp), EL0-11 (586 bp), E12 (323 bp) and E13 (303 bp).
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Figure 26: Non-denaturing analysis of samples on the HPT.C. To determine size, yield and punty of PCR products, all 23 amph-
cons of the reference sample (8 1 AH) were analysed under non-denaturing conditions (50°C)
From top to bottom E14 (377 bp), E15+16 (536 bp), E29 (404 bp), E30 (291 bp), E31 (302 bp) and E32+33 (525 bp).
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Figure 27: Non-denaturing analysis ol samples on the HPLC. To determme size, yield and punity of PCR products, all 23 ampli-
cons of the reference sample (8.1 AH) were analysed under non-denaturing conditions (50°C)
From top to bottom: E34+35 (337 bp), E36+37 (469 bp), E3§ (366 bp), E39 (249 bp), E40 (268 bp) and E41 (276 bp)
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C.2 Temperature titration
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Figure 28: Temperature titration of homozygous DNA, A 586 bp homozygous DNA fragment was analysed at different tem-
peratures ranging from 50°C 1o 64°C. With increasing temperature, peaks were shifted ta shorter retention imes and resolution of
homoduplex peaks reduced unul DNA was completely melted at 64°C.

From top to bottom: 64°C, 63°C, 62°C, 612C, 59°C and 50°C.
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Figure 29: Temperature titration of heterozygous DNA. A 546 bp heterozygous DNA fragment was analysed at different tempera-
tures ranging from 50°C 10 65°C to determme the temperature dependent resolunion of heteroduplex peaks from hemoduplex peaks.
From top to bottorn: 65°C, 64°C, 63°C, 62°C, 60°C and 50°C

119



C.3 Reproducibility of results
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Figure 30: Reproducibility of hetereduplex peaks on the HPLC. To confirm that results were reproducible, a 302 bp heterozygous
frapment was repeatedly injected on several runs of the HPLC. Slight shufts m the retention times of the fragment were observed
However, all heteroduplex peaks were significantly different from the homoduplex peak shown at the top
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Figure 31: Reproducibility of heteroduplex peaks on the HPLC. Reproducibihity was tested for a second heterozygous sample
The fragment s1ze of the sample shown here 15 404 bp. As observed for the first sample, retenuon times varied shghtly on different
runs, however, resolution of heteroduplex peaks from the homoduplex peak (shown at the top) did not change
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Figure 32: Temperature dependent reproducibility of HPLC results. Analysis of a 525 bp fragment indicated that instabilities of
the oven temperature might lead to partial melting of homoduplex DNAs resulting in heteroduplex peak patterns

From top to bottom: (1) homozygous reference a1 63°C, {2) unknown fragment at 63°C showing heteroduplex peak pattem at initial
analysis, (3) homozygous reference a1 63°C (second run}, (4) unknown fragment at 63°C showing homoduplex peak pattern at second
run, (5} unknown fragment at 64°C, (6) unknown fragment at 65°C.
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C.4 Sensitivity of the dHPLC method
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Figure 33: Evaluation of system performance. After a certain number of injections the column showed degradation of performance
resultmg 1n low resolution of heteroduplex peaks from homoduplex peaks. Three peaks were resolved in the chromatograms shown
at the lop, whereas the two peaks a1 about 7 minutes were not reselved in the secend chromatogram, indicating low column quahity
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Figure 34: Chromatogram of the Haelll digested pUC18 size marker. The pUC|8/Haelll size marker was used te evaluate
performance of the dHPLC under non-denaturing conditions (50°C) Separation of the 257 bp and 267 bp peaks indicated adequate
column resolution The pUC18/Haelll size marker contains 11 fragments of sizes 11, 18, 80, 102, 174, 257, 267, 298, 434, 458 and
587 bp, 9 of which are dewctable by HPLC. The 11 bp and 18 bp are too small to be resolved by the method. The first peak at about

1 minute 1s the injection peak.
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