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1. ABSTRACT

The two classes of human complement
component C4 proteins C4A and C4B manifest differential
chemical reactivities and binding affinities towards target
surfaces and complement receptor CR1. There are multiple,
polymorphic allotypes of C4A and C4B proteins. A
complex multiplication pattern of C4A and C4B genes with
variations in gene size, gene dosage and flanking genes
exists in the population. This is probably driven by the
selection pressure to respond to a great variety of parasites
efficiently and effectively, which the bony fish achieved
through the multiplication and diversification of the related
complement C3 proteins. Complement C4, C3 and C5
belong to the a, macroglobulin protein family but acquired
specific features that include an anaphylatoxin domain, a
netrin (NTR) domain, and stretches of basic residues for
proteolytic processings to form multiple chain structures.
Complement C3 and C4 are important in the innate
immune response as they opsonize parasites for
phagocytosis. The emergence of complement C3 predates
proteins involved in the adaptive immune response as C3 is
present in deuterostome invertebrates such as echinoderms.
The human C4 genes are located in the central MHC at
chromosome 6p21.3. C3 and C5 are located at chromosome
19 and 9, respectively, with representatives of the other
groups of genes paralogous to the MHC at 19p13.1-p13.3,
1921-25, and 9g33-34. The centra MHC also contains
genes for complement components C2 and Bf. These genes
appear to have similar evolutionary histories to C3/C4/C5
and are used here to illustrate stepwise processes resulting
in co-location of diverse domains, chromosomal
duplication, local segmenta duplication and divergence of
sequence and function. This model of evolution is useful in
the investigation of innate and acquired immunity and in
seeking explanations for diseases associated with MHC
ancestral haplotypes.
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2. THE GENETIC DIVERSITY AND THE
NOMENCLATURE OF HUMAN C4A AND C4B

The human complement component C4 is one of
the most complex and polymorphic molecules. The
activated product of C4, C4b, is a non-catalytic subunit C3
and C5 convertase in the classical and lectin pathways
(reviewed in refs. 1, 2). Downstream of C4, the
complement pathway includes the generation of
anaphylatoxins C3a and Cba, and the assembly of the
membrane attack complexes. Through the intra-chain
thioester bond formed between Cys-991 and GIn-994, C4b
forms a covalent ester or amide bond with targets or any
nearby surfaces. Therefore, it localizes the activation of
complement in a spatially specific manner. Binding of C4b
opsonizes antigens or immune complexes for phagocytosis.
It also helps solubilization, prevents immunoprecipitation,
and enhances the clearance of immune complexes through
the interaction of C4b with the erythrocyte complement
receptor CR1.

A weslth of knowledge on human C4 genetics
has accumulated recently. Experimental evidence is
pointing to adynamic (or drifting) 1-2-3 loci concept of the
human C4 genes, rather than a rigid two-locus model that
would imply the single locus or three-locus haplotypes to
be infrequent or aberrations (3, 4). While the two-locus
configurations are quite prevalent with a frequency of 69%,
the single and three locus haplotypes of C4 genes account
for most of the remaining 31% of the Caucasian population.

Structurally, the C4 gene is defined by five
specific nucleotide changes in exon 26. These changes code
for the isotypic residues PCPVLD (C4A) and LSPVIH
(C4B) at positions 1101-1106 (5, 6). Functionally, the
activated form of C4A is characterized by lower hemolytic
activity, alonger half-life against hydrolysis, a high binding
affinity to amino-group containing substrates and to
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Figure 1. Characterized MHC ancestral haplotypes. C4 and adjacent genes form modules that exhibit substantial polymorphism
due to variation in the number of modules, the presence of the HERV-K(C4) sequence and the segments that accompany C4
duplications. AH 47.1 isacarrier of congenital adrena hyperplasia. (3, 4, 20, 73-77).

complement receptor CR1, and a greater ability to prevent
immunoprecipitation. In comparison with C4A, C4B has
higher hemolytic activity. The activated C4B is very
reactive because one of its isotypic residues, His-1106, is
catalytic to the transacylation reaction of the thioester bond
to form covalent ester or amide bonds. However, the half-
life of activated C4B is transient and less than 1 second (7,
8). Therefore, C4B enables the activation of the classical
complement pathway specifically at the target site and at
the right time. C4A, however, probably evolved to play a
larger role in opsonization and immunoclearance (7 — 12).

Typicaly, C4 loci may code for C4A or for C4B.
The number of C4A and C4B genes is a function of the
ancestral  haplotype of the major histocompatibility
complex (MHC). As shown in Tables 1 and 2, there is
substantial  polymorphism.  Two additional aspects of
variation are shown in Figure 1. First, each of the C4 genes
may be long or short, depending on the presence of the
endogenous retrovirus, HERV-K(C4), in intron 9 of the C4
gene (13, 14). Second, the duplication of a C4 gene is
always accompanied by a CYP21 gene and two adjacent
gene segments TNXA and RP2, implying that the process
is segmental or modular (15 — 17). The steroid 21-
hydroxylase gene in the duplicated module may be the
pseudogene designated CYP21A, or the functional gene
designated CYP21B (3, 18 - 21).

Polymorphism of the C4A and C4B proteins is
most conveniently demonstrated by immunofixation of
EDTA-plasma using high voltage agarose gd
electrophoresis (HVAGE), a technique known as allotyping
(Figure 2) (22, 23). The separation of C4A and C4B
alotypes is based on differences in electrophoretic
migration as C4A allotypes travel faster towards the anode
(24, 25). The C4A and C4B proteins may be further
identified by a hemolytic overlay as most allotypes of C4B
lyse sensitized sheep red blood cells four times faster than
those of C4A. Most C4A allotypes are associated with the
Rodgers (Rg) blood antigen and C4B with Chido (Ch)
blood group antigen; an immunoblot analysis of the C4
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protein separated by HVAGE and reacted with Rgl and

Ch1 monoclonal antibodies allows further resolution of the

C4A and C4B allotypes. Altogether more than 41 allotypes

have been documented by these phenotyping techniques.

However, there is accumulating evidence suggesting that

the allotypes in each group are heterogeneous. As shown in

Table 2, the most common allotype of C4A is A3 and the

most common alotype of C4B is B1. Other common

allotypes include A2, A4 and A6 for C4A; and B2, B3 and

B5 for C4B. It is till not completely clear at this stage how

each allotype differs structurally and at the sequence level

but some sequences are available (2, 5, 26). The current

nomenclature of C4A and C4B has many limitations (27,

28), which include the following:

a the electrophoretic variants are to be
heterogeneous;

b. the association of C4A and C4B with Rg or Ch
antigensis not indicated,;

c. the variation in the functiona activities is not
included;

d. the C4 gene may be long or short, e.g, C4B1(L) asin
the 44.3 ancestral haplotype (AH) and C4B1(S) asin
AH8.1;

e. the number of C4 loci in the haplotype is not
described;

f. the HLA ancestra haplotypes, complotypes, and
RCCX haplotypes are not implicated.

likely

A systematic revision of the nomenclature of C4A and C4B
will be necessary, perhaps describing the entire segment.
However, it may be necessary to await more structural
information of the C4A and C4B alleles, at least in the
polymorphic C4d region (Figure 4).

3. EVOLUTION OF THE MHC-COMPLEMENT
PROTEINSAND THE CENTRAL MHC

The standard view of the complement system is
based on a cascade that can be initiated by three different
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Tablel. Number of Copies of Genesin the RCCX Modules and C4 Gene Size Variation in the MHC Ancestral Haplotypes

AH RP1 C4A CYP21A TNXA RP2 C4B CYP21B  TNXB C4 GENE SIZE
71 1 1 1 1 1 1 1 1 L, L

72 1 2 2 2 2 1 1 1 L,L,L

81 1 0 0 0 0 1 1 1 S

181 1 1 1 1 1 1 1 1 L,S

182 1 1 0 0 0 0 1 1 L

43 1 0 0 0 0 1 1 1 L

471 1 1 1 0 0 0 0 1 L

521 1 2 1 1 1 0 1 1 L, L

571 1 1 1 1 1 1 1 1 L,S

There is substantial polymorphism in the region occupied by the C4 genes and other components of the RCCX modules, as illustrated here. Only some ancestral
haplotypes (AH) are shown. AHs have a characteristic number of copies of each gene. C4 genes may be classified as being long (L) or short (S) depending on the
presence or absence of HERV-K(C4), respectively (20, 73 —77).

Table 2. A List of the HLA Class I, Class Il , Complement Components Bf, C4A and C4B Alleles in Ancestral Haplotypes
(AHSs) of the Human MHC

AH HLA-A HLA-B Bf C4A C4B HLA-DR HLA-DQ
71 3 7 S 3 1 15 6
7.2 24 7 S 3,3 1 1 5
8.1 1 8 S Qo0 1 3 2
13.1 30 13 S 3 1 7 2
18.1 25 18 S 4 2 15 6
18.2 30 18 F1 3 Qo0 3 2
18.3 18 S 3 1 11 7
351 35 S 3 1 11 7
352 3 35 F 3,2 Qo0 1 5
353 11 35 S 3 Qo0 1 5
371 1 37 F 3 1 10

38.1 26 38 S 2 1 4 8
421 42 F 12,91 Qo0 3 4
441 2 44 S 3,3 Qo0 4 7
442 29 44 F 3 1 7 2
443 29 44 S Q0 1 7 2
444 33 44 F 3 1 13 6
46.1 2 46 S 4 2 9 9
46.2 2 46 S 4 2 8 6
47.1 3 a7 F 1 Qo 7 2
50.1 50 SO07 2 1,12 7

51.1 51 F 3 Qo 4 3
521 24 52 S 3,2 Qo0 15 6
54.1 54 S 3 5 4 4
55.1 55 S 4 5 14

571 1 57 S 6 1 7 9
58.1 33 58 S 3 Qo0 3 2
58.2 33 58 F Qo0 1 13

59.1 59 S 3 5 9 9
60.1 60 S 3 1 4 3
60.2 60 S 3 Qo0 8 4
60.3 2 60 S Q0 2 13 6
61.1 26 61 S 3 1 9 9
62.1 2 62 S 3 3 4 8
62.2 62 S 4 2 4 8
62.3 62 F 3 1 13 6
62.4 11 62 S 3 1 4

64.1 64 S 3 1 7 2
65.1 65 S 2 1,2 1 5

AHs contain characteristic alleles at each locus. The number of copies of each C4 gene has been determined by the C4A : C4B gene dosage ratios and C4 Taq | RFLP
product sizes (3, 15, 75— 77).
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Figure 2. Human C4A and C4B allotypes. Electrophoretic migration of C4A and C4B proteins indicates their highly
polymorphic nature. This technique has been used to determine C4A and C4B allotypes. C4A3 and C4B1 (red boxes) are the
most frequent Caucasian C4 alotypes. Dotted lines are used to indicate the relative positions of some allotypes (25, 28, 74). An

arrow indicates the direction of migration. (After 28, 74.)

pathways. The classicd pathway is initiated via
interactions of antibodies with the Cl1 complex that
activates C4 and C2 to form the classica pathway C3
convertase (29). Alternatively, the binding of mannose
binding lectin to bacterial cell walls may activate the
mannan associated serine proteases (MASP) that in turn
activate C4 and C2 (30). The microbia products may also
activate the adternative pathway as the assembly of
activated C3 (through the tick-over mechanism) and Bf
forms the alternative pathway C3 convertase. Irrespective
of the initial events, complement C5 is activated and that
leads to the spontaneous, sequential assembly of the
membrane attack complex for the lytic pathway: C5h, C6,
C7, C8, and C9 (31). Cascades of this type are normally
precisely controlled and require inhibitors to prevent
deleterious inflammation and self-injuries (1, 32). These
include a family of receptors known as Complement
Control Proteins (CCP) that are characterized by the
presence of Short Consensus Repeats (SCR) (33). Most
SCR-containing CCPs are located on 1g32 within a gene
cluster known as the Regulators of Complement Activation
(RCA) (34) but SCRs within C2 and Bf are also present
within the centra MHC (vide infra). Each CCP has a
specific number and specific sequence of SCRs and bhinds
particular ligands in a species specific manner (33, 35).
Therefore, complement components and CCP have co-
evolved together to permit a more extensive but finely
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regulated cascade. SCR structural motifs are also present
in C. elegans and Drosophila melanogaster (36). It is of
interest to determine if the SCR-containing proteins in
these lower animals are involved in the host-parasite
discrimination.

Anaysis of the primary structures of C2 and
factor B (Bf) revealed a composite structure with a CCP, a
von Willebrand type A repeat (VWRA) and a serine
protease domain (SP) (37, 38). The 3 SCRs of the CCP
region in each gene are very similar, in keeping with a
common origin of C2 and Bf, undoubtedly, through a
process of segmental duplication (Figure 3). In each case,
SCR1 is degenerate but SCR 2 and 3 are similar to the f
and h subfamilies of CR1.

In humans, the major ligands of the CCP are the
activated or inactivated products of complement C3 and
C4. Together with C5, C3 and C4 belong to the a,
macroglobulin protein (A2M) family (39, 40). A2M is aso
present in worms and flies. It is a proteinase inhibitor that
binds to all classes of proteases and conveys them to a
receptor-mediated endocytosis clearance pathway. Thus
A2M may potentialy contribute to immunity by
inactivating the proteinase virulence factors of pathogens
(41). Structuraly, A2M proteins are characterized by the
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Figure 3. The relationships among the SCRs of human complement component C2, factor B (Bf), and complement receptor type
1 (CR1). The amino acids of each domain were aligned (ClustalW, version 1.8) and consensus distance trees generated using the

MEGA package (Molecular Evolutionary Genetics Analysis version 1.03).

Evolutionary distances were estimated using p-

distance and the phylogenetic tree was constructed by neighbor-joining. The tree under went 1000 bootstrap replications and is
not rooted. The accession numbers for the amino acid sequences are: Hosa CR1, P17927; Hosa Factor B, AAA16820; and Hosa

C2, PO6681.

presence of an intra-chain thioester bond that is able to
form covalent amide or ester linkage with targets. In
humans there are seven members in the A2M protein
family (42, 43), which are a, macroglobulin, pregnancy
zone protein (PZP) (44), KIAA1283 (45), and complement
components C4A, C4B, C3 and C5. The human a,
macroglobulin and pregnancy zone protein (PZP) are
closely linked and located on chromosome 12, KIAA1283
and complement C3 are located at chromosome 19p13.1-
13.3, C4A and C4B are present in the MHC, and
complement C5 islocated on chromosome 9933-34.

The C4/C3/C5 proteins are more closely related
as they acquire an anaphylatoxin (ANA) domain of 74 -77
amino acids close to the middle of the protein, and a netrin
domain (NTR) about 152 residues in size at the carboxyl
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terminus of each protein (46). Preceding the ANA domain
there are four basic residues which are subjected to
proteolysis and therefore give rise to the b and a chains of
the proteins. Further distinct structural features added to
complement C4 include the basic residues between the a- g
chain junction, and a cluster of three tyrosine-sulfation sites
close to the carboxyl terminus of the a-chain (47).
Complement C5 is an unusua member of the A2M protein
family asit haslost the thioester structure.

The anaphylatoxins C5a and C3a (and C4a) are
potent inflammatory agents that promote contraction of
smooth muscles, increase vascular permeability and platelet
aggregation. They also induce the release of histamine by
degranulation of mast cells and stimulate the secretion of
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Figure 4. Alignment of the amino acid sequences around the catalytic residues that may modulate the thioester activities of the
primate complement component C4A and C4B proteins. Amino acid sequence positions correspond to 1090 — 1120 with respect
to human C4. Positions 1101, 1102, 1105 and 1106 are shown by asterisks. Sequence variants at each position are boxed.
Species abbreviations are: Patr, Pan troglodytes (common chimpanzee); Papa, Pan paniscus (pygmy chimpanzee); Gogo,
Gorilla gorilla; Hosa, Homo sapiens, Mafa, Macaca fascicularis (crab-eating macagque); Mamu, Macaca mulatta (Rhesus
macague); Ceae, Cercopithecus aethiops (African green monkey); Saoe, Saguinus oedipus (cotton top tamarin); Popy, Pongo

pygmaeus (orangutan) (5, 61, 62, 78, 79).

interleukin-1 from monocytes. Cba is also a powerful
chemotactic agent for phagocytes (48, 49). Besides the
anaphylatoxins, ANA motifs are also present in fibulin-1
(50) and fibulin-2 (51), which are extracellular matrix
proteins in close association with microfibrils containing
fibronectin or fibrillin.

The NTR module a the carboxyl region of
complement C5 has been shown by aanine- scanning site-
directed mutagenesis to be the distal binding site of the
classical pathway C5 convertase, C4b2a3b (52). The
physiological roles of the NTR modules in complement C4
and C3 are unknown and it will be worthwhile to
investigate if they form binding sites for the multi-
component proteases in the complement activation pathway
such as the C1 complex, the MBL/MASP complex, and the
C3 convertase. The NTR modules are also present in type |
collagen C-proteinase enhancer protein and tissue inhibitors
of metalloproteases (53).

The elucidation of the evolutionary history
leading to the emergence of the composite structures with
A2MN+ANA+A2MC+NTR in C3, C4 and C5, and
CCPs+VWRA+SP as in Bf and C2 should shed light on the
mechanism of segmental duplication and the evolution of
the innate and the adaptive immune responses (54) and the
MHC. Specificaly, it will be interesting to determine the
selective advantage of having CCP domains within the
central MHC.

Although components of the classica pathway
and the lytic pathway, and the regulatory proteins of the
complement system are vertebrate specific proteins,
complement proteins of the lectin pathway and the
alternative pathway appeared much earlier in evolution. In
C. elegans and Drosophila there are one and five A2M-like
genes, respectively. Four of the Drosophila A2M-like
proteins, TEP1 — TEP4, have the thicester protein signature
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sequences. The expression levels of these Tep genes are
markedly up-regulated after an immune challenge.
Moreover, the increased expression level of Tepl is
dependent on the Janus kinase gene hopscotch (55),
implying that the TEP proteins could be involved in the
innate immune response in the insect (55, 56), although the
mechanism is yet to be determined. Our sequence analyses
suggested that the five A2M-like proteinsin Drosophila are
closely related to a, macroglobulin and to KIAA1283.

The presence of complement C3/C4/C5-like protein
can be traced back to echinoderms and ascidians (57 — 59).
These complement proteins probably play important roles in
the discrimination of the hogt and parasites through the
opsonization of parasites for phagocytoss. In different species
of bony fishes, 2-5 genes for complement C3 are present. Ina
phenomenon similar to that of complement C4A and C4B
proteins in old world primates (Figure 4) (60 - 62) and in
catle and sheep (39), the teleost C3 proteins diversified to
react to substrates with differentid affinities (54, 58). In
particular, one of the two C3 genes in the Japanese medaka
fish has the catalytic residue corresponding to His-1106 in
human C4B changed to Ala (54). The common carp has the
five C3 genes, C3-1 to C3-5, which have Ser, His, His, GIn
and His resdues a the described cataytic residue,
respectively. Interestingly, the C3-1 isoform with Ser at the
putative catalytic position has the highest hemolytic activity in
the artificia assay system (63). This phenomenon underscores
the importance of C3 and C4 in innate immune response, and
the selection pressure on C3 or C4 to react with a variety of
parasite cdll surfaces efficiently or effectively.  The presence
of multiple C3 genes in the common carp and multiple C4
genes in humans, old world primates, sheep and cattle is an
excelent example of divergent evolution resulting in
functional diversties to defend againgt different parasites. In
this context, it is not surprising that complement control
proteins also diverged.
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4. PARALOGY MAPPING COULD HELP IDENTIFY
CANDIDATE GENES FOR MHC — ASSOCIATED
DISEASES: PROSPECTSFOR THE CENTRAL MHC

Some of the MHC non-class | and Il genes such
as RXR, TNX, PBX and Notch are physicaly linked even
in invertebrates such as the worm and fly (64 - 66). This
leads to the hypothesis that the MHC probably began at the
center and has been augmented progressively with genes
such as the complement genes, the TNF and the HSP gene
clusters. Sub-chromosomal or segmental duplications and
inter-chromosomal translocations occurred. Humans have
three derivatives of the MHC-like structures on
chromosomes 1, 9 and 19 as well as the MHC on
chromosome 6 and these contain inter alia the paralogous
members of the complement family such as C3 and C5, and
of the MHC class | family such as CD1 (67) and MR1 (68).
If this evolutionary history is correct, it should be possible
to deduce the architecture of the MHC as it existed in early
vertebrates. For example, there would be a cluster
corresponding to those which occur on the four distinct
chromosomes in Homo sapiens (Hosa). According to this
strategy, a complement-like gene would be present in the
putative “invertebrate MHC". Class | genes, which are
represented twice in Hosa (chromosomes 1 and 6), would
have been added somewhat later. Class Il genes would
appear to have been introduced after these mgjor events
since, depending upon definition, there may be no
paralogues outside the MHC.

There are differences in the precise arrangement
of genes within the paralogous regions apparently because
of transpositions and indels but some clusters have been
substantially maintained and might be regarded as
potentially functional units. However, once the paralogous
regions migrated apart, they seem to have been free to
diverge apparently permitting diversification of function.
An interesting example is provided by the complement
genes. Paralogy provides a mechanism for the
development of cascades such as the C4-C3-C5, i.e. the
common ancestor of these components diverged enough for
each to play a somewhat different role towards a similar
end. At the same time, local duplication events were able
to generate polymorphisms within each paralogue.

The MHC is well-known for its association with
numerous diseases, particularly autoimmune diseases such
as type 1 diabetes, systemic lupus erythematosus, multiple
sclerosis and rheumatoid arthritis (69 — 72). Autoimmunity
is probably due to immune dysregulation and/or defects in
self-nonself discrimination irrespective of the antigen
specific reactions which determine which disease results.
We have shown that there are common chromosomal
locations for gene clusters that confer generic susceptibility
to multiple autoimmune diseases (72, 73). We postulate
that the chromosomes carrying paralogues of the MHC also
cary genes involved in sdf-nonself or host-parasite
discriminations, immunoclearance and immunoregulation.
Polymorphisms of these genes are responsible for generic
susceptibility to autoimmune disease in mammals and
possibly other vertebrates. The ancestral genes in the
invertebrate  MHC could subserve similar regulatory

910

functions in relation to innate immunity. If correct, it could
be predicted that searches in other species would reveal
associations with those regions which are syntenic to the
paralogous clusters shown in Hosa. The approach can be
further evaluated by examining other species with
autoimmunity, such as the mouse, rat and dog, and by
comparing the locations of potentially regulatory clustersin
all species. The complement genes in the central MHC are
prime candidates.
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