The EMBO Journal vol.5 no.11 pp.2873—2881, 1986

Structural basis of the polymorphism of human complement
components C4A and C4B: gene size, reactivity and antigenicity

C.Yung Yu, K.Tertia Belt, Carolyn M.Giles!,
R.Duncan Campbell and Rodney R.Porter*

MRC Immunochemistry Unit, Department of Biochemistry, Oxford
University, South Parks Road, Oxford OX1 3QU and !Department of
Immunology, Royal Postgraduate Medical School, Hammersmith Hospital,
London W12 OHF, UK

*Deceased
Communicated by A.F.Williams

The human complement components C4A and C4B are highly
homologous proteins, but they show markedly different, class-
specific, chemical reactivities. They also differ serologically
in that C4A generally expresses the Rodgers (Rg) blood group
antigens while C4B generally expresses the Chido (Ch) blood
group antigens. C4A 1 and C4B 5 are exceptional variants
which possess their class-specific chemical reactivities, but ex-
press essentially the reversed antigenicities. The genes en-
coding the typical Rg-positive C4A 3a and Ch-positive C4B
3 allotypes and the interesting variants C4A 1 and C4B 5 have
been cloned. Characterization of the cloned DNA has revealed
that the genes encoding the A 3a, A 1 and B 3 allotypes are
22 kb long, but that encoding B 5 is only 16 kb long. Com-
parison of derived amino acid sequences of the polymorphic
C4d fragment has shown that C4A and C4B can be defined
by only four isotypic amino acid differences at position
1101—1106. Over this region C4A has the sequence PCPVLD
while C4B has the sequence LSPVIH, and this presumably
is the cause of their different chemical reactivities. Moreover,
the probable locations of the two Rg and the six Ch antigenic
determinants have been deduced. Our structural data on the
C4A and C4B polymorphism pattern suggests a gene
conversion-like mechanism is operating in mixing the general-
ly discrete serological phenotypes between C4A and C4B.
Key words: 6—7 kb intron/C4d exon structure/isotypic residues/
gene conversion/Rg and Ch determinants

Introduction

Human complement component C4 plays a key role in the ac-
tivation of the classical complement pathway, especially in the
formation of the complex C3 and C5 convertases (for reviews
see Reid and Porter, 1981; Porter, 1984). There are two isotypes,
C4A and C4B, which are encoded by tandem loci ~ 10 kb apart
located in the major histocompatibility complex on chromosome
6 (Tiesberg et al., 1976; Carroll er al., 1984a; reviewed by
Porter, 1985; Carroll et al., 1985a). As shown by derived amino
acid sequences from complete and/or partial cDNA and genomic
sequences, the two protein molecules are very similar and there
is <1% sequence variation between the 1725 amino acid pro-
C4 molecules (Belt et al., 1984, 1985). C4 is synthesized as a
single-chain precursor molecule (mol. wt 200 000) but post-
translationally processed to the three-chain disulphide-linked
structure (Hall and Colten, 1977; Janatova, 1986).

In the middle of the « chain is a characteristic thiolester bond
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which is also shared by complement component C3 and the pro-
tease inhibitor, a; macroglobulin (reviewed by Tack, 1985). After
activation of C4, the thiolester bond becomes labile and readily
cleaved to give a reactive carbonyl that will form a covalent ester
or amide bond with nearby antigen or IgG surfaces (Law et al.,
1980; Campbell et al., 1980). Despite the high sequence
homology, C4A and C4B exhibit a remarkable difference in
thiolester reactivity. Recent analyses by two laboratories (Isen-
man and Young, 1984, 1986; Law et al., 1984a; Dodds et al.,
1986) have independently led to the similar conclusion that C4A
binds preferentially to amino groups of peptide antigens and C4B
more efficiently binds to hydroxyl groups of carbohydrate anti-
gens. This intrinsic difference in covalent binding affinity results
in a 3- to 4-fold higher binding of C4B to sensitized sheep red
cells and explains its well-known higher activity in the classical
haemolytic assay (Awdeh and Alper, 1980). The « chain of C4A
has a lower electrophoretic mobility on SDS —PAGE than C4B
resulting in an apparent mol. wt difference of ~2000 daltons
(i.e. C4A—96 000 versus C4B—94 000; Roos et al., 1982). The
human blood group antigens Rodgers (Rg) and Chido (Ch) were
shown to correspond to C4A and C4B respectively (O’Neill ez
al., 1978). The apparent 2000 dalton mol. wt difference of the
a chains and Rg/Ch antigenic determinants resides in the pro-
teolytic degradation fragment, C4d (Tilley et al., 1978; Lund-
wall et al., 1982; Chan and Atkinson, 1985).

C4A and C4B are very complex both at genomic and at pro-
tein levels. This may have important implications for the origin
of many HLA-related autoimmune diseases (Porter, 1983;
Dawkins et al., 1983; Fielder et al., 1983). C4 genes of dif-
ferent individuals can differ both in number and in size (Carroll
et al., 1985b; reviewed by Carroll et al., 1985a). The C4A and
C4B proteins are highly polymorphic and this has been
demonstrated by differences in electrophoretic mobilities of
neuraminidase-treated plasma (Mauff et al., 1983), serological
typing (Roos et al., 1984; Giles et al., 1984; Giles, 1987), and
direct DNA sequencing (Belt ez al., 1984, 1985; and this work).
A combination of all these approaches suggests that there are
altogether >40 alleles in the two classes.

By means of many polyspecific anti-Rg and anti-Ch antisera
obtained from transfused patients who lacked either C4A or C4B,
respectively, it has been defined that there are two Rodgers (Rg:
1,2) and six Chido (Ch: 1,2,3,4,5,6) antigenic determinants
(Giles, 1985a,b; Giles, 1987). Although located at the C4d
region, there is not a complete association of Rg determinants
with C4A and Ch determinants with C4B. Despite maintaining
the class-specific differential thiolester reactivities and apparent
a chain mol. wt (Rittner et al., 1984; Roos et al., 1984; Dodds
etal., 1986), some Al allotypes do not possess either of the two
Rg determinants, but express four Ch determinants (i.e. Rg:
—1,-2; Ch: 1,-2,3,—4,5,6). Moreover, a minor proportion
of the B 5 allotypes have been shown to express Rgl (Rg2 has
not been determined), but only contain two of the six Ch deter-
minants (i.e. Ch: —1,—2,-3,4,—5,6) (Rittner et al., 1984; Roos
et al., 1984; Giles et al., 1984; Giles, 1987). It was not clear
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whether the Rg/Ch determinants and the differential thiolester
reactivities are correlated with one another.

In order to correlate the structure and function of the two C4
isotypes particularly with respect to the structural basis of the
differential thiolester reactivity, the antigenicity of the Rg/Ch
blood groups, and the polymorphism of C4A and C4B, we have
constructed genomic libraries from DNA of three individuals with
interesting Rg/Ch phenotypes. From these libraries genomic
clones of the complete Rg* A 3a (A 3a is a sub-type of C4A
3) and the complete Ch* B 3 were isolated. In addition we have
obtained clones for the A 1 and B 5 allotypes, described above,
which possess their own class-specific properties, but essential-
ly the reverse antigenicity. The C4 genes from these clones were
characterized and their polymorphic C4d regions sequenced. This
work allows many important conclusions to be drawn on the
genetics and polymorphism of the C4A and C4B isotypes and
advances our understanding of the structure and function of two
very similar but unique proteins which probably originated from
the same ancestral gene by gene duplication.

Results

Cloning, mapping and assignment of C4 genes

Hybridization of full-length and 5' C4 cDNA probes to restric-
tion digests of cloned C4 genes has shown that the C4 genes vary
in size. The mapping of a C4A4 gene in the cosmid Cos 3A3
revealed that the gene is 22 kb in length and has a 6—7 kb in-
tron located near the 5’ end of the gene (Carroll et al., 1985a;
Carroll et al., 1986). In contrast two different C4B 1 alleles,
B Ia from Cos 1E2 and B Ib from Cos KEM-1 (Carroll et al.,
1985a,b; Belt et al., 1985) do not possess this intron and are
only 16 kb in size. A combination of Southern blot analysis on
subcloned DNA using a full length cDNA probe, and direct DNA
sequencing of the C44 gene from Cos 3A3 has enabled us to
construct an accurate restriction map of the gene (Figure 1a).
The 6—7 kb intron is located ~2—2.5 kb from the 5’ end of
the gene. Its presence can be detected by Southern blot analysis
of BamHI or Kpnl restricted genomic DNA, using a 476 bp 5’
c¢DNA (P,) and a 927 bp BamHI genomic fragment specific for
the C4d region of the gene (Pg), respectively. The long C4 genes
can be identified by the presence of the 4.8 kb BamHI and the
7.5 kb Kpnl fragments. A short C4 gene is characterized by the
presence of the 3.3 kb BamHI and the 8.5 kb Kpnl fragments
(Carroll et al., 1985a,b). The genomic DNA of the three in-
dividuals whose DNA was used to construct genomic libraries
was examined by this approach. In the individual AW (C44 3;
C4B 3/C4A4 3; C4B QO), only the 4.8 kb BamHI and 7.5 kb Kpnl
fragments were detected (Figure 2, lanes 1 and 4). As the B QO
allele in this individual was known to be deleted (Carroll et al.,
1985a,b; C.Y.Yu, unpublished results) and only a single C4B
gene is present, it was concluded that the gene encoding C4B
3 is long. Four C4B clones were characterized from the AW
genomic library. Fine mapping of cloned DNA confirmed that
the C4B 3 gene possesses the 6—7 kb intron and is therefore
22 kb in length.

In the individual AD (C44 1; C4B QO/C4A 3; C4B QO) only
the 4.8 kb BamHI and 7.5 kb Kpnl fragments were detected
(Figure 2, lanes 3 and 6). Therefore, the C4 genes present in
this case are all long. It has been suggested that the C4B QO
allele of the HLA haplotype A 3 B 47 DR.7 C44 1; C4B QO
is deleted (White et al., 1985; Carroll et al., 1985a; Schneider
et al., 1985). On the other hand, the C4B QO allele of the HLA
haplotype A 2 B 44 DR 6 C4A 3; C4B QO is a long C4 gene
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Fig. 1. Restriction maps of (a) long, (b) short human C4 genes and (c) the
polymorphic C4d region. (a) and (b) Restriction maps of a long C4 gene
(22 kb) were derived from Cos 3A3 and that of a short C4 gene from
NM-2a. Open dotted box indicates the approximate position of the 6—7 kb
intron. P, and Py are the 5'-specific C4 cDNA probe and Cdd-specific
genomic probe, respectively. For each map, the top represents the order and
size of BamHI fragments, and the bottom the Kpnl fragments. When P, and
Py are used, long C4 genes have 4.8 kb BamHI and 7.5 kb Kpnl fragments,
and short C4 genes have 3.3 kb BamHI and 8.5 kb Kpnl fragments. (c) The
2.3 kb Smal fragment encodes >90% of C4d. Sm = Smal, B = BamHI,
Nc = Ncol, X = Xhol, P = Pwull, Na = Narl (present in some C4 genes
only; refer to text), and Hf* = Hinfl (only the single site in the 927 bp
BamHI fragment is shown). — depicts the position of the sequencing primer
near to the isotypic region.
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Fig. 2. Genomic Southern analysis of AW, JM and AD DNA. Lanes 1 and
4, AW (C4A4 3; C4B 3/C4A 3; C4B QO); lanes 2 and 5, M (C44 4, C4B
5/C4A 3; C4B QO); lanes 3 and 6, AD (C44 I, C4B QO/C4A 3; C4B
QO). Lanes 1-3 show DNA restricted with BamHI and probed with the
5’-specific probe, P,. Lanes 4—6 show DNA restricted with Kpnl and
probed with the C4d-specific probe, Pg. Long C4 genes are characterized
by 4.8 kb BamHI and 7.5 kb Kpnl fragments. Short C4 genes are
characterized by 3.3 kb BamHI and 8.5 kb Kpnl fragments.

and has been cloned (C.Y.Yu, N.R.Rodrigues and R.D.Camp-
bell, unpublished).

Four C4A genomic clones were identified and characterized
from the AD library. In order to differentiate between the A 3
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Table 1. Haplotypes of individuals from whom A EMBL-3 genomic libraries were constructed

Individuals HLA C4 Deduced Rg/Ch types References

1. AW. A2 Cw3 BI15 DRI A3 B3 Rg: 1,2; Ch: 1,2,3,4,5,6 Carroll et al., 1985a; this work
A2 - B7 DR2 A3 BQO Rg: 1,2; Ch: —1,-2,-3,-4,-5,-6

2. JM. A3 B35 DR2(?) A3 BQO Rg: 1,2; Ch: —1,-2,-3,-4,-5,—6 Giles et al., 1984; Hing et al.,
A24 B18 DR2(?) A4 BS Rg: 1,2; Ch: —1,-2,-3,4,-5,6 1986; Giles, 1987

3. AD. A3 C6 B47 DR7 Al BQO? Rg: —1,-2; Ch: 1,-2,3,-4,5,6 Bentley et al., 1985
A2 C5 B44 DR6 A3a BQO Rg: 1,2; Ch: —1,-2,-3,-4,-5,—-6

2This was previously typed as C44 QO; C4B 3.1 but further studies show that it is C44 1; C4B QO.

and A 1 alleles a BamHI/Narl double digest of the cloned DNA
was carried out. This digest was chosen because all C44 alleles
so far characterized contained a single Narl site in the 927 bp
BamHI fragment (Figure 1c) whereas the C4B alleles did not.
It was anticipated that as C4A 1 had been serologically typed
Ch positive (i.e. contained the C4B antigenic determinants, Ritt-
ner et al., 1984) the C4A | allele may also not contain the Narl
site. The 927 bp BamHI fragment at the C4d region of three of
the clones was cleaved to 810 and 117 bp fragments by Narl.
The nucleotide sequence of the BamHI fragment from one of
these clones, AAD-2cr, was found to be identical to the sequence
of the gene in Cos 3A3 previously assigned as coding for C4A
3a (Belt ez al., 1985). The BamHI fragment in the fourth clone,
AAD-1c, remained intact after the Narl digest, and therefore cor-
responds to the A 1 allele.

In the individual JM (C4A4 4; C4B 5/C4A 3; C4B QO) both
22 and 16 kb C4 genes were detected, as shown by the presence
of the 4.8 and 3.3 kb BamHI fragments (Figure 2, lane 2) as
well as the 7.5 and 8.5 kb Kpnl fragments (Figure 2, lane 5).
Further genomic Southern blot analysis showed that there were
no long C4B genes present in the individual JM and the polymor-
phic C4d region of the short C4 genes appeared identical in many
marker restriction digests (data not shown). Two C4B clones were
characterized from the JM library. One of these clones, \JM-2a,
includes a 17 kb insert that encodes a complete 16 kb C4B gene.
The other clone, NJM-6a, starts at the middle of the C4B gene
and extends 3’ to the 21-hydroxylase B gene. Fine restriction
mapping showed that the polymorphic C4d regions of these clones
are identical. This implies that the C4B QO allele of JM is either
deleted or is a short C4B gene which is identical to the B 5 allele
at the C4d polymorphic region. Further studies favour the former
proposal that the C4B QO allele of the HLA A 3 B 35 haplotype
is deleted (data not shown). The clones \JM-2a and AJM-6a are
therefore assigned as coding for the C4B 5 allotype.

Sequence analysis of nine allotypes of C4 at the C4d region

Comparison of nucleotide sequences from a full length and two
partial C4 cDNA clones corresponding to A 4, A 3 and B 2, and
limited genomic sequence of the B la, B 1b and B 2 alleles (Belt
et al., 1984, 1985) had already shown that there are only 15
nucleotide changes present in the coding sequence, which result
in 13 amino acid differences. When additional data from amino
acid sequencing of C4 proteins is included (D.N.Chakravarti,
R.D.Campbell and J.Gagnon, unpublished), 15 amino acid dif-
ferences are apparent, 12 of which are clustered in the section
of the a-chain C-terminal to the thiolester. This very small
number of changes is apparently responsible for the substantial
differences in the reactivity of the thiolester bond, and for the
charge and antigenic variation in different allotypes. How these
structural and functional differences were related to changes in

amino acid sequence was not clear. In order to define which
amino acid changes were responsible for these differences, we
set out to determine the primary structure of the C4d polymor-
phic region from four informative alleles, A 3a, A 1, B 3 and
B 5 (Table I). Parallel functional studies had already shown that
all allotypes of each class possess their own characteristic dif-
ferential thiolester reactivity (Dodds et al., 1986). A 3a was
deduced to be Rg: 1,2; Ch: —1,—-2,—-3,—4,-5,~6 and B 3
was Rg: —1,—2; Ch: 1,2,3,4,5,6. The structure of these two
isotypes can therefore give an account of the amino acid sequences
that are related to the Rg/Ch antigenic determinants in addition
to those that determine the thiolester reactivity. A 1 is an excep-
tional C4A variant because it does not possess either of the Rg
determinants but acquires four of the Chido determinants (Ritt-
ner et al., 1984; Giles, 1987). It was typed Rg: —1,—2; Ch:
1,-2,3,—4,5,6. B5 is essentially the reverse to A 1. It was typed
Ch: —1,-2,-3,4,-5,6 and was Rg positive (Roos et al., 1984;
Hing et al., 1986; Giles ez al., 1984; Giles, 1987). By compar-
ing the structural data of A 1 and B 5 with A 3 and B 3, the
amino acid sequences involved in determining the thiolester reac-
tivity and Rg/Ch antigenicity can be distinguished.

The variation of nucleotide sequences and their resulting amino
acid changes, if any, of 4 3a, B 3, A 1, BS and five other publish-
ed alleles, A 3b, A4, B la, B 1b and B 2 (Belt et al., 1985)
are depicted in Figure 3a and b respectively.

C4A 3a

As mentioned before, the C44 genes from Cos 3A3 and A\AD-2«
were identical and were assigned C44 3a. They differ by one
nucleotide from a second C4A4 3 allele, encoded in pAT-42, which
is therefore assigned C44 3b. The A 3a allele in Cos 3A3 and
AAD-2a encode an Ala residue at position 1267. However, due
to a G—T transversion at the equivalent position in pAT-42 the
A 3b allele encodes a Ser residue (Belt et al., 1985).

The complete nucleotide sequence of the C4d region of the
A 3a allele has been determined by the M13 sequencing method
using randomly sonicated DNA. Comparison of the genomic
DNA sequence with the cDNA sequence showed that the 380
amino acid C4d fragment is split by seven introns into eight ex-
ons that altogether span 2050 bp. The exons are termed D1 —D8
and they encode 30, 70, 26, 52, 39, 57, 78 and 56 amino acid
residues respectively (Figures 3 and 5b). The C4bp-factor I
cleavage sites are encoded in exons D1 and D8, respectively,
as shown in Figure 3a. The residues involved in the thiolester
bond are encoded near the middle of exon D2. With reference
to our previous results (Belt et al., 1985), exons D1, D2, D5
and D8 appear highly conserved and no polymorphic sites have
been detected so far. More than 90% of the C4d coding sequence
is encompassed in a unique 2.3 kb Smal fragment. Within this
fragment is a 927 bp BamHI and a neighbouring 410 bp
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Fig. 3. Summary of differences in (a) nucleotide sequences and (b) derived amino acid residues at the C4d region for nine C4 alleles/allotypes. (a) C4d
exon—intron structure is shown, position and nature of DNA sequence variations are indicated. Exons are numbered 1—8 in open boxes. Varied nucleotides
are marked by asterisks and their presence in various alleles tabulated. Coding sequences are in capital letters and non-coding sequences in small letters.
Notice the mutually exclusive variation pattern of DNA coding for amino acids (aa) 1054, 1101 —1106, 1157 and 1186—1191. The C4bp-factor I cleavage
sites are encoded by the first and the eighth exons, marked by vertical strokes. A = deletion, [1 = DNA coding for thiolester residues, ND = not
determined. (b) Derived amino acid changes for (a) are shown. In addition Rg/Ch types are included (those of B la and B 2 were from deduction only)
(Giles et al., 1984; Giles, 1987). Complete C4d fragment is from amino acids 938 —1317 (numbering is for the continuous sequence of pro-C4). Residues in
brackets (I and V) were found by amino acid sequencing, but were not detected in the DNA sequences. Superscript ¢ denotes data from cDNA sequence (Belt
et al., 1984, 1985). Data on B la and B 1b were from Belt er al. (1985). L1 = thiolester site; A shows position of introns in genomic-derived sequences.
H = boundary of C4d region, ND = not determined.
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BamHI —Smal subfragment (Figure 1c) which together cover all
the reported polymorphic sites of the C4 « chain.

C4B 3

The clone NAW-3B encodes the C4B 3 allotype which was
serologically typed as fully Rg negative and fully Ch positive.
The complete DNA sequence of the 2.3 kb Smal fragment was
determined. Comparing B 3 with 4 3a, a total of 13 nucleotide
changes were detected. These resulted in eight amino acid
changes at four regions, i.e. 1054, 1101—-1106, 1157 and
1188—1191, of which B 3 has the sequence G-1.SPVIH-§-ADLR
and A 3a has the sequence B—ﬁéPVIt]’S-Ii‘I-{’DLIT. Since these
eight amino acid residues are the only detected changes at the
C4d region between the two typical C4 isotypes, they must be
related to thiolester reactivity and to the Rg/Ch antigenic deter-
minants. These eight amino acid changes can also explain that,
in general, C4A is slightly acidic and C4B is slightly basic. C4B
is associated with two basic amino acid residues (His 1106 and
Arg 1191) and C4A with two acidic residues (Asp 1106 and Asp
1191).

Interestingly, the B 3 sequence G-LSPVIH-S-ADLR is also
common to B 1b (Belt et al., 1985). The faster mobility of B 3
than B 1 on agarose typing gel (Mauff ez al., 1983) is therefore
due to the presence of some other polymorphic sites on B 3,
presumably outside the C4d region. Two other C4B allotypes,
B 1a and B 2, differ from B 3 at single positions. At 1157, B
1a has the C4A 3-related Asn residue instead of the C4B 3-related
Ser residue. At 1054, B 2 has the other C4A 3-related Asp residue
instead of the C4B 3-related Gly residue (Figure 3b).

C44 1

The A 1 allotype encoded in the clone AAD-1a was serological-
ly typed Rg: —1,—2 and Ch: 1,—2,3,—4,5,6. It is an extreme-
ly interesting C4A variant not only because it expressed four of
the Chido determinants and neither of the Rodgers determinants
generally associated with C4A, but it is also one of the slowest
moving C4A allotypes in the agarose typing gel (Rittner et al.,
1984; Roos et al., 1984; Mauff et al., 1983). The DNA sequence
of the 2.3 kb Smal fragment of the A / allele from clone NAD-1c
was completely determined. The derived amino acid sequence
at the C4d region revealed that it is almost identical to that of
the B 3 allotype except at position 1101 —1106. At this region,
the A 1 retains the C4A 3-related sequence, PCPVLD, but the
four amino acid residues at the other three polymorphic sites are
all C4B 3-like. In other words, the C4A 1 has G-PCPVLD-S-
ADLR compared with D-PCPVLD-N-VDLL for A 3a, and G-
LSPVIH-S-ADLR for B 3. Since A 1 is a typical C4A allotype
with respect to its thiolester reactivity (Dodds et al., 1986), this
suggests that the four amino acid differences at position
1101 —-1106, i.e. PC--LD in C4A versus LS--IH in C4B, are
solely responsible for the differences in thiolester reactivity
observed between the C4A and C4B isotypes. Compared with
B 3, the A 1 allotype does not possess the Ch2 and Ch4 antigenic
determinants. This infers that the C4B isotypic amino acid
residues are involved in expressing the Ch2 and Ch4 epitopes
because they are the only difference between A 1 and B 3 at the
C4d region. However, the C4A isotypic residues, PC--LD, are
not related to either of the two Rg determinants because C4A
1 is Rg negative. The amino acid variations at the other three
polymorphic regions, i.e. at position 1054, 1157 and 1188—1191,
also appear related to the expression of Rg/Ch antigenic deter-
minants.

Polymorphism of human C4

C4B 5

Historically, B 5 was the first C4B allotype that was demonstrated
as having both Rg and Ch determinants expressed on the same
molecule (Roos et al., 1984). To differentiate from another
allotype with the same electrophoretic mobility, this variant was
also designated as C4B 5Rg*. The B 5 allotype encoded in clone
MM-2a was serologically typed as Rg positive and Ch:
—1,-2,-3,4,-5,6. The DNA sequence of the 927 bp BamHI
fragment and its neighbouring 410 bp BamHI—Smal fragment
were determined. The derived amino acid sequence at the C4d
polymorphic region reveals that the B 5 allotype retains the B
3-related sequences at two regions, 1101—1106 and 1157.
However, the sequences at the other two regions, 1054 and
1188—1191 are both C4A 3-like, i.e. B 5 has the sequence D-
LSPVIH-S-VDLL. This again suggests that the amino acid se-
quence at position 1101 —1106, LS--IH, is C4B isotypic and is
involved in determining the C4B class-specific properties. The
B 5 allotype expressed Ch4 and Ché6. Its two B 3-related se-
quences, LSPVIH 1101 —1106 and S 1157, are therefore related
to these two Chido antigenic determinants.

Comparison of intron sequences of C4d

One of the very striking features of the DNA polymorphism of
C4 alleles is that their intron sequences at the C4d region are
highly conserved. From the data available, the seven introns in
the 2.3 kb Smal fragment of B 3 and A [ are totally identical,
and the A 3a differs only by a C—T transition in the intron 3’
to exon D6 (see Figure 3a). In addition the five introns of the
B 5 allele sequenced are identical to those in B 3. This reinforces
our previous report (Belt ez al., 1985), in which we compared
the introns in the 927 bp BamHI fragments among the 4 3a, B
2, B la and B Ib alleles. Two differences in the intron 3’ to
exon D6 of the B 2, B la and B 1b alleles compared with other
alleles sequenced have been defined. One is a G—C transver-
sion. The second is the deletion of a C nucleotide (Figure 3a
and Belt ez al., 1985).

Discussion
Here we report four significant findings on the genetics and
polymorphism of human complement components C4A and C4B:
(i) C4B genes of different gene size (i.e. 22 versus 16 kb) were
cloned; (ii) C4A and C4B can be defined by four isotypic amino
acid residues at position 1101 —1106, which are likely to be
responsible for their different thiolester reactivities; (iii)the prob-
able locations of the two Rg and six Ch antigenic determinants
have been deduced; and (iv) the pattern of DNA polymorphism
of C4A4 and C4B at the C4d region seems to be the result of gene
conversion events. For this study, three genomic libraries were
constructed and four interesting C4 genes representing two alleles
from each class were isolated and partially characterized.
Variation in the number of expressed C4 genes has been noted
for 10 years (Tiesberg et al., 1976), but differences in gene size
at the same locus is not a common phenomenon. It is now clear
that the C4B genes can be either 22 or 16 kb in size, as ex-
emplified by our cloned B 3 and B 5 alleles respectively. Southern
blot analysis has also indicated that a portion of the B I alleles
(such as those linked to A 3) are also 22 kb in size (A.Palsdottir,
unpublished results). Three other C4B genes from cosmid clones
coding for B 2, B 1a and B 1b, respectively, were found to be
16 kb in size only (Carroll ez al., 1985a). No 16 kb C44 genes
have been detected so far. Detailed restriction mapping and
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Southern blot analysis suggested that a long C4 gene is due to
a large intron lying ~2—2.5 kb 3’ to the transcription start site.
The presence of the very similar C44 and C4B genes in tandem
might have caused some mispairing of the non-allelic genes bet-
ween homologous chromosomes during meiosis with unequal
crossing over (Carroll et al., 1985b). The widespread distribu-
tion of two homologous C4B genes with a size difference of
~6—7 kb would increase the chance of mispairing between the
long C4B gene and the long C4A4 gene. This is of particular in-
terest because of the very high frequency (~10—15%) of the
non-expression of C44 or C4B alleles in the population, and
deletion —duplication of C4 genes is not unusual (Carroll et al.,
1985b; Hauptmann et al., 1986). Obviously, it is crucial to deter-
mine the nature of the 6—7 kb intron and to see whether it is
involved in influencing the recombinational events of C4 genes
and their extensive polymorphism. This 6—7 kb intron could be
a member of the long interspersed sequences, LINE or L1
(Singer, 1982).

Our structural data on the complete Rg*™ A 3a and complete
Ch* B 3 shows that there are eight amino acid changes at four
discrete regions between a common C4A and a common C4B
allotype. At positions 1054 (I), 1101—1106 (II), 1157 (IIT) and
1188—1191 (IV), A 3a is characterized by the sequence D-
PCPVLD-N-VDLL while B 3 is characterized by the sequence
G-LSPVIH-S-ADLR (Figure 4). These are the only detectable
changes in the polymorphic C4d region and therefore account
for the many differences between the C4A and C4B isotypes.
These include the differential reactivities of the labile thiolester,
the apparent o chain mol. wt. difference of 2000 daltons, and
the Rg/Ch antigenic determinants.

Structural information from other less common variants of each
isotype, C4A 1 and C4B 5, contributes to our understanding of
the molecular basis of the isotypic properties and on the location
and nature of the Rg/Ch antigenic determinants. The A 1 and
B 5 proteins possess their class-specific properties, but essen-
tially reversed antigenicities. A 1 is characterized by the sequence
G-PCPVLD-S-ADLR and B 5 is characterized by the sequence
D-LSPVIH-S-VDLL. A combination of the structural data on
A 3a, A 1, B 3, B 5 and five other published C4 allotypes (Belt
et al., 1984, 1985) conclusively suggests that the amino acid
changes at regions (I), (I) and (IV) are only related to Rg/Ch
antigenic differences and there are only four amino acid changes
common to all C4A and to all C4B allotypes (Figure 4). The

C4A isotype can be defined by PCPVLD, and C4B defined by

i§PVﬁEI at position 1101 —1106 (i.e. region II). Apparently,
these four isotypic residues are the root of the many class-specific
properties. The previous suggestion that the VDLL/ADLR at
1188—1191 (Belt et al., 1984, 1985; Law et al., 1984a) might
be C4A/C4B isotypic residues can now be ruled out.

Thus it appears that the C4 isotypic region is solely responsi-
ble in modulating the thiolester reactivity. The putative thiolester
and the isotypic residues are separated by 106 amino acids. A
hydropathy plot of C4d (Figure 5a) shows that the isotypic
residues are located at a hydrophilic region separated from the
thiolester by two hydrophobic zones. The thiolester residues ap-
pear at the middle of a hydrophobic pocket. It is likely that the
proposed conformational change during C4 activation by C1 (Isen-
man and Kells, 1982) would bring the isotypic and thiolester
residues close together for certain interactions. The negatively
charged Asp 1106 of C4A might increase the nucleophilicity of
the nearby amino/amine groups towards the thiolester carbonyl
(Law et al., 1984a). This may provide an explanation for the
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Fig. 4. Isotypic residues and possible location of Rg/Ch antigenic
determinants. Isotypic residues of C4A and of C4B are marked by crosses.
The probable location of Rg/Ch determinants are indicated by ‘0’. The C4A
isotypic residues are not related to the Rg determinants. The two Rg
epitopes lie in two of the regions I, Il and IV on C4A. The six Ch
determinants are formed by conformational and probably sequential epitopes
from the four polymorphic sites on C4B. A shows position of introns in
genomic-derived sequences. L1 = thiolester site.

higher covalent binding affinity of C4A to peptide antigens. By
the same analogy, the positively charged His 1106 of C4B might
participate in hydrogen-bonding charge shift in hydroxyl sub-
strates, resulting in more efficient binding to hydroxyl groups
of carbohydrate antigens. This postulation leads to one fundamen-
tal question on the mechanism of the breakage of the thiolester
bond and its reactivity. Instead of the generally suggested con-
formational change exposing a reactive thiolester which undergoes
rapid reaction with any available nucleophile, a situation may
occur in which a conformational change rearranges the struc-
ture of the isotypic and the thiolester regions, forming a tran-
sient state that can catalyse the nucleophilic attack by the
amino/hydroxyl groups on the thiolester carbonyl.

Besides the Asp/His 1106, the other three isotypic residues
and the sequence nearby (Figure 5b) might be important in
modulating the thiolester reactivity as well. It is possible that the
sulphydryl group of Cys 1102 in C4A may interact with the car-
boxyl of Asp 1106 or with the sulphydryl of the thiolester Cys
991 at some stage. There is no other Cys residue at the C4d region
of either isotype. The Pro 1101 of C4A would possibly cause
considerable conformational change at the isotypic region.
Together with Pro 1103, Pro 1101 may impose significant con-
straints on the local structure. It has been suggested that Pro 1101
and Cys 1102 may be responsible for the anomalous slower
mobility of the C4A « chain in the modified SDS—poly-
acrylamide gel (Chan and Atkinson, 1985).

There is only one functional C4 gene in mouse, which has to
cope with both peptide and carbohydrate antigens. The mouse
C4 protein appears to be a hybrid of human C4A and C4B, with
respect to the isotypic residues, i.e. PCPVIH (Levi-Strauss et

al., 1985; Sepich et al., 1985; Nonaka et al., 1985). The first
two residues are human C4A specific, but the last two are C4B
specific. It will be of interest to know if the reactivity of other
thiolester-containing proteins such as the mouse C4, the com-
plement component C3 and the protease inhibitor o,
macroglobulin are also modulated by the area analogous to the
C4 isotypic region. A comparison of the amino acid sequences
of these thiolester-containing proteins at the area analogous to
the human C4 isotypic region is shown in Table II. Since mouse
C4, human C3 and mouse C3 all possess the human C4B-specific
squence, IH 1105—1106, they might have high covalent binding
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C4A TLEIPGNSDP NMIPDGDFNS YVRVTASDPL DTLGSEGALS PGGVASLLRL PRGOGEQTMI

C4B TLEIPGNSDP NMIPDGDFNS YVRVTASDPL DTLGSEGALS PGGVASLLRL PRGCGBQTMI

998 | #
C4A YLAPTLAASR YLDKTEQWST LPPETKDHAV DLIQKGYMRI QQFRKADGSY AAWLSRDSST
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C4B WLTAFVLKVL SLAQEQVGGS PEKLQETSNW LLSQQQADGS FQDLSPVIHR SMQGGLVGND

118 | #
C4A ETVALTAFVT IALHHGLAVF QDEGAEPLKQ RVEASISKAN SFLGEKASAG LLGAHAAAIT
C4B ETVALTAFVT 1ALHHGLAVF QDEGAEPLXQ RVEASISKAS SFLGEKASAG LLGAHAAAIT
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C4A AYALTLTKAP VDLLGVAHNN LMAMAQETGD NLYWGSVTGS QSNAVSPTPA PRNPSDPMPQ

C4B AYALTLTKAP ADLRGVAHNN LMAMAQETGD NLYWGSVTGS QSNAVSPTPA PRNPSDPMPQ
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1238 |
C4A  APALWIETTA YALLHLLLHE GKAEMADQAS AVLTRQGSFQ GGPRSTQDTV IALDALSAYW
C4B  APALWIETTA YALLHLLLHE GEKAEMADQAA AWLTRQGSFQ GGFRSTQDTV IALDALSAYW

1298
C4A IASHTTEERG LNVTLSSTGR
C4B IASHTTEERG LNVTLSSTGR

Fig. 5. Comparison of (a) hydropathic profiles and (b) derived amino acid sequences of C4d fragments between complete Rg* C4A and complete Ch* C4B.
(a) The computer program HYDROPLOT, based upon the algorithm of Kyte and Doolittle (1982), was employed with a window of 11 amino acids. C4A
profile is shown and the differences between C4A and C4B is in dotted lines. Position of the thiolester residues, and polymorphic residues between Rg* C4A
and Ch* C4B are indicated. The region encoded in exons D1—DS8 is represented in boxes. The C4d boundaries are encoded by exons D1 and D8 (see text).
(i) = incomplete exon. (b) The corresponding amino acid sequence for (a). The complete Rg* C4A is based on data from C4A 3a. Complete Ch* C4B is
based on data from C4B 3 for the sequence encoded by exons D1 —D7 and C4B 2 for that of exon D8. Positions of the exon boundaries are marked by
vertical strokes. The thiolester site is overlined. The isotypic residues for C4A and C4B are marked by asterisks. The probable location of Rg/Ch

determinants are marked by #, and * (for C4B).

Table II. Comparison of amino acid sequences at the thiolester sites and at the region analogous to the human C4 isotypic site of some thiolester-containing

proteins
Thiolester site Region analogous to the References
human C4 isotypic site
* ¥ * ¥
Human C4A PRGCGEQTMI FQDPCPVLDRSM Campbell er al., 1981; Hellman er al., 1984;
Human C4B PRGCGEQTMI FQDLSPVIHRSM Belt et al., 1984, 1985; this work
Murine C4 PQGCAEQTMI FHDPCPVIHRAM Levi-Strauss et al., 1985; Sepich et al., 1985;
Nonaka et al., 1985
Murine S1p? PRSCAEQTMI FHDPCPVIHRAM Ogata and Sepich, 1985; Nonaka et al., 1986
Human C3 PSGCGEQNMI FQEDAPVIHQEM De Bruijn and Fey, 1985
Murine C3 PAGCGEQNMI FQEDGPVIHQEM Wetsel et al., 1984
Human a,M PYGCGEQNMYV FRSSGSLLNNAI Kan et al., 1985

#Haemolytically inactive.

affinity for hydroxyl groups and this has indeed been shown for
human C3 (Law et al., 1984b).

Analysis of the sequence and serological data among A 3a,
A 1 and B 5 sheds light on the location of the six Ch antigenic
determinants. There is not a direct one-to-one correlation bet-
ween amino acid substitution at each of the four polymorphic
regions and antigenic determinants. At the C4d region, A 1 has
the identical amino acid sequence to that of B 3 except at the
isotypic residues and A 1 expressed all Ch determinants except
Ch2 and Ch4. This suggests that C4B isotypic residues are in-
volved in the expression of these two epitopes. The conversion
of G to D at 1054, and ADLR to VDLL at 1188—1191 results
in the loss of the Chl, 2, 3 and 5 epitopes on the B 5 molecule.
Therefore, the C4B 3-related G at 1054 and ADLR at
1188—1191 seem related to Chl, 2, 3 and 5. It is apparent that
the structural component of each of the four discrete polymor-
phic sites is involved in the formation of more than one epitope.
On the other hand, the presence of G 1054, S 1157 and ADLR
1188—1191 on A 1 only forms Chl, 3, 5 and 6, and the presence
of LSPVIH 1101 —-1106 and S 1157 on B 5 only forms Ch4 and

Ch6. This would suggest the six Chido antigenic determinants
are formed by overlapping epitopes, some of which are confor-
mational (Benjamin et al., 1984). It seems that each of the four
discrete polymorphic sites does not only form a possibly sequen-
tial epitope, but will also interact with the structural component
of another epitope to give an additional conformational antigenic
determinant. To this end, Ch4 and Ché could be sequential
epitopes and Ch2 a conformational epitope. Using a similar ap-
proach, the probable location of the two Rg determinants can
be derived by comparing sequence and serological data between
A 3aand A 1. They may fall within D 1054, N 1157 and VDLL
1188—1191, although their exact correlation is yet unclear. Con-
trary to the situation in C4B, the C4A isotypic residues seem
non-immunogenic and are not related to either of the two Rg
determinants, as exhibited by the A 1 allotype. This would again
reflect the conformational constraints imposed by the C4A
isotypic amino acid residues.

Our structural studies on nine alleles from C44 or C4B show
that there is a mosaic polymorphism pattern which is due to the
shuffling of four discrete regions, or markers, within 1 kb of
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DNA at the C4d region. This is also manifested by the mixing
of the two generally discrete phenotypes, i.e. C4A with two Rg
and C4B with six Ch determinants. The interchange of the
discrete sequences at regions I, III and particularly IV, will result
in the expression of the reverse antigenicity. Of equal possibil-
ity, though not shown in this paper, the interchange of the se-
quence at region II, i.e. the isotypic region, will convert the C4
protein expressed to the opposite class. On the other hand, it is
interesting to note that although there are some 13 changes in
nucleotides at the coding region between the two isotypes at C4d
there are only one or two changes in the intron sequences.
Moreover, the overall G/C content for the 2050 bp of DNA
coding for C4d is relatively high, i.e. 60%. One of the most
plausible explanations for this mosaic polymorphism pattern is
by some gene conversion-like events (Petes and Fink, 1982) be-
tween the repeated C44 and C4B genes. The high G/C content
at the C4d region would favour this event to occur (Weiss et
al., 1983a,b). Alternatively, it could be caused by many indepen-
dent, double crossing over events but this seems unlikely. As
discussed before, it will be very interesting to determine whether
the extensive C4 polymorphism and the unusually high frequen-
cy of recombination events are correlated. Knowledge of this
would be very helpful to our understanding of the recombina-
tion mechanisms in human genetics.

Materials and methods

Preparation and analysis of genomic DNA

Genomic DNA was isolated from whole blood (J.M.) or from EBV-transformed
cell lines (AD and AW) according to Bell et al. (1981). 5—10 ug of DNA was
digested to completion with 20 U of BamHI or Kpnl (Amersham) and elec-
trophoresed on a 0.8% agarose gel and transferred to nitrocellulose filters as
described by Southern (1975). The blots were hybridized to nick-translated (Rigby
et al., 1977) probes P, and Py (Figure 1). P, is a 476 bp 5'-specific C4 cDNA
probe (Belt ef al., 1984) and Py is a 927 bp C4d genomic probe (Belt et al.,
1985). The blots were washed, dried and autoradiographed as described by
Maniatis et al. (1982).

Construction of genomic libraries

Three libraries, AW, JM and AD, were constructed. For each library, 200—300 ug
of genomic DNA was partially digested with Mbol and size fractionated through
a sucrose gradient. DNA fragments between 15 and 23 kb were ligated to
BamHVEcoRI-digested A\ EMBL-3 vector and packaged as described by Frischauf
et al. (1983). 1—2 X 10° recombinants were plated on Escherichia coli strain
Q359. Filters were screened using a full-length C4 cDNA (Belt et al., 1984)
probe and a C4d-specific genomic probe, Py (Belt et al., 1985) as described by
Maniatis et al. (1982). Rescreening of positives was done on E. coli strain Q358.
C4 clones were separated into two groups by further screening using [y-32P)-
ATP and T4 kinase-labelled C44- or C4B-specific oligonucleotides correspon-
ding to amino acids 1101—1106 (Belt et al., 1984). DNA from \ clones was
prepared according to Maniatis et al. (1982).

Restriction mapping and sub-cloning

Detailed and accurate restriction maps of a long C4 gene (22 kb) were obtained
from sub-cloned restriction fragments from Cos 3A3, after single and double digests
and Southern blot analysis. Most of the sites were confirmed by DNA sequenc-
ing (C.Y.Yu, unpublished results). Restriction maps of a short C4 gene (16 kb)
were constructed based on the C4B 5 clone, AJM-2a, obtained in this work. For
the C4 \ clones obtained from the AW, JM and AD libraries, a 2.3 kb Smal
and/or 927 bp BamHI fragment corresponding to the polymorphic C4d region
were sub-cloned into the plasmid vector pAT153/Pvull/8.

Synthesis of oligonucleotide as sequencing primer

A 20-mer oligonucleotide (5’ CAGGAGACATCTAACTGGCT 3') was chemical-
ly synthesized by the phosphotriester method according to Sproat and Gait (1984).
This oligonucleotide corresponds to the DNA sequence 30 nucleotides 5’ to the
C4d isotypic region described in this paper.

DNA sequencing

Complete genomic DNA sequence coding for the C4d region from Cos 3A3 (Car-
roll et al., 1984a) was obtained by Sanger’s dideoxy termination method (Sanger
et al., 1977). Sub-cloned DNA from Cos 3A3 was randomly sonicated and cloned
into M13mp9 (Messing and Vieira, 1982) as described previously (Belt ez al.,
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1985). DNA coding for the polymorphic C4d region from the 2.3 kb Smal and
927 bp BamHI fragments of N\AW-3B, AJM-2a, NAD-1a and NAD-2«x was deter-
mined by non-random cloning of specific DNA fragments into M13mp8 or mp9.
Restriction enzymes used for generating specific fragments are shown in Figure
lc. In addition a chemically synthesized 20-mer oligonucleotide (indicated by
an arrow, Figure 1c) was used as sequencing primer to confirm DNA sequence
at the highly polymorphic region around amino acids 1101—1106. All DNA
fragments were sequenced at least twice and mostly in both orientations.

Rg and Ch typing

Rg and Ch types of AW, JM and AD (Table I) were determined by haemag-
glutination inhibition techniques as published (Giles et al., 1984; Giles, 1987).
The B 3 allotype was shown by « chain and serological typing to be Rg: —1,—2;
Ch: 1,2,3,4,5,6. The A 3a allotype (AD) was deduced from serological typing
of the Q family (Bentley er al., 1985) to express Rg: 1,2; Ch:
-1,-2,-3,—4,—5,—6. The Rgl was assigned to A 3a as Rg-1 is expected
in A 1 (Rittner ef al., 1984) and Ch-6 was also assigned to A 3a as the majority
of C44 3; C4B QO haplotypes do not express Ch6 (Giles, 1987). B 5 (JM) is
essentially the reverse of C44 1. The B 5 allotype was deduced as Rgl and Ch:
—1,-2,-3,4—5,6 by means of « chain and serological testing (Hing et al., 1986,
Giles, 1987). The Rg2 on B 5 has not been determined. Ch6 is assigned to B
5 rather than to the C44 3; C4B QO haplotype, as described.
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