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Introduction

Chido (Ch) and Rodgers (Rg) are human plasma and red
blood cell antigens which were defined by the alloanti-
bodies anti-Ch (Harris et al. 1967, Middleton and Crook-
ston 1972) and anti-Rg (Longster and Giles 1976). Anti-
Rg and anti-Ch are IgG antibodies produced in patients
lacking either Rg or Ch antigen, respectively, who had
undergone blood transfusion. The genes coding for the
Rg and Ch antigens were both mapped to the human leuko-
cyte antigen (HLA) region by serological studies (Middle-
ton et al. 1974, Giles et al. 1976). The structural genes
coding for the fourth component of complement (C4)
(Rittner etal. 1975, Tiesberg et al. 1976), and the comple-
ment components C2 (Fu et al. 1974) and factor B (Allen
1974), were also mapped to the HLA region. Biochemical,
genetic, and serological studies revealed that Rg and Ch
are part of the antigenic components of the two isotypes
of C4, C4A and C4B (previously called C4F and C48),
respectively (O’Neill et al. 1978a, b). Subsequently it was
shown that the Rg and Ch antigens were both located in
the C4d region of C4A or C4B (Tilley et al. 1978). C4d
is the factor I-mediated proteolytic degradation fragment
of C4 that may be covalently linked to various cell surfaces
(see Reid and Porter 1981 for a review). C4A and C4B
are highly homologous proteins (Belt et al. 1984, 1985,
Yu et al. 1986) having markedly different electrophoretic
mobilities, hemolytic activities (Mauff et al. 1983, Sim
and Cross 1986), and chemical reactivities (Isenman and
Young 1984, 1986, Law et al. 1984, Dodds et al. 1986,
Shifferli et al. 1987) (Table 1). The latter is due to the
differential reactivities of the thiolester carbonyl group in
the two classes of C4: C4A exhibits relatively higher co-
valent binding affinity to amino groups or peptide antigens
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Table 1. Comparison of human C4A and C4B proteins

C4A C4B

1. Electrophoretic mobility

(a) Agarose gel Fast (acidic) Slow (basic)

(b) SDS-PAGE (« chain) M_ 96000 M, 94000
2. Thioester reactivity
(a) Hemolytic activity Lower Higher
(b) Relative covalent binding
affinities
(i) Amino group Higher Lower
(ii) Hydroxyl group Lower Higher
3. Antigenic determinants* Rodgers Chido
(Blood group antigen) Rg: 1,2) (Ch: 1,2,3,4,5,6)

* With exceptions such as C4A1 and C4B5

than C4B, while C4B binds preferentially to hydroxyl
groups or carbohydrate antigens. This phenomenon may
also explain the higher hemolytic activity of C4B in the
conventional hemolytic assay that is performed using sen-
sitized sheep erythrocytes whose surface is rich in carbo-
hydrate antigens. The identification of C4A and C4B is
based functionally on the hemolytic activity and covalent
binding activity, or structurally on the apparent relative
mass of the alpha chains in modified sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
C4A, — 96000; C4B,— 94000; Roos et al. 1982), or
serologically using anti-Rg and anti-Ch sera.

Polyspecificity of the alloantisera and multiple deter-
minants for Rg and Ch

The hemagglutination inhibition test that was initially de-
veloped to study markers or allotypes of immunoglobulin
Gm (Grubb 1956, reviewed in Nisonoff et al. 1975) has
been widely applied in the serological typing for the Rg
and Ch antigens (Middleton and Crookston 1972, Giles
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1980). To test the antigenicity of C4, the plasma is exam-
ined for its ability to inhibit agglutination in an anti-
globulin test: (1) the plasma (antigen) is mixed with Rg-
specific or Ch-specific antibody to allow Ab-Ag interac-
tion and (2) subsequently added to human erythrocytes
coated with standard C4 (free anti-Rg/anti-Ch would bind
to the coated C4); the C4-coated red cells are then spun
down, washed, and tested for the ability to be agglutinated
by anti-IgG. If the test plasma contains the corresponding
antigens for anti-Rg or anti-Ch, its interaction with the
antisera will eliminate the subsequent reaction of the
alloantibody with the standard C4 on red cells; therefore,
no antiglobulin agglutination follows. Thus the C4
molecules in the test plasma are termed ‘‘complete inhibi-
tors.”” On the contrary, if the antigens in the test plasma
do not match with the test anti-Rg or anti-Ch, the antibod-
ies will bind to standard C4 coated on red cells. Visible
agglutination among red cells will result subsequent to the
addition of anti-IgG to the reaction mixture. Thus the C4
molecules in the test plasma are called ‘‘negative inhibi-
tors”” (Giles 1980). On the other hand, the specificities
of the antisera can be examined by using plasma of known
Rg/Ch type in the test. As an alternative to this approach,
the test C4 can be coated on red cells and then examined
for its ability to be agglutinated by anti-Rg or anti-Ch.

In a study on the anti-Rg, Longster and Giles (1976)
observed that some plasma samples exhibit a partial inhi-
bition (p. i.) phenomenon. In other words, the Rg/Ch anti-
gens from some individuals show weaker interaction with
certain anti-Rg or anti-Ch, aithough there is no indication
that the related plasma C4 is expressed at a lower level.
p.i. was demonstrated for Ch in the C4B2 allotype that

Table 2. Interrelationship among C4A4/C4B and Rg/Ch haplotypes
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is generally expressed in parallel with C4A4 (Nordhagen
et al. 1980). The p. i. phenomenon was also detected on
the C4B1 allotype that is generally expressed in parallel
with C4A6 or with a proportion of C4A3. However, it
was found that the anti-Ch attributed to the p.i. in C4B2
did not result in the p.i. phenomenon observed in the
C4B1, and vice versa (Giles 1984). This was taken to sug-
gest that the anti-Ch and anti-Rg are polyspecific and that
there may be more than one antigenic determinant for Rg
or for Ch. Different sources of antisera vary in antibody
specificities for Rg/Ch determinants (Giles 1985a). A sin-
gle partial inhibitor pattern has been detected in Rg so far
and is generally detected in the isoexpressed haplotype
C4A3A2. Thus Giles (1985b) proposed a model with two
Rg and three Ch antigenic determinants, and they are
designated Rgl,2 and Chl,2, 3, respectively. In both
cases, Rgl and Chl were suggested to be the commonest
epitopes.

Standardized polyspecific anti-Rg and anti-Ch allo-
antisera allowed serological characterization of many rare
C4 allotypes. This led to not only the subdivision of many
common allotypes, but also the invalidation of the C4A-
Rg and C4B-Ch dogma. Rare variants of both isotypes
such as C4A1 and C4BS5, which both possess their isotypic
properties (i.e., hemolytic activity, covalent binding
affinity to small molecules, and the apparent relative mass
of the alpha chain), were found essentially expressing the
reversed antigenic determinants (Rittner et al. 1984, Roos
et al. 1984). Detailed analysis of the Rg-positive C4B5
protein (i) in the plasma for hemagglutination inhibition
test and (ii) coated on standard erythrocytes for direct
agglutination experiments uncovered the presence of

Donors 4 Rg/Ch haplotypes References
haplotypes
General cases
F.P. A3BI Rg: 1,2; Ch: 1,2,3,4,5,6 Giles 1987
AW* A3B3 Rg: 1,2; Ch: 1,2,3,4,5,6 Yu et al. 1986, Dodds et al. 1986
S.L. AQOBI Rg: —1,—2; Ch:1,2,3,4,5,6 Giles 1987
J. Mah A3BQO Rg: 1,2; Ch: —1,-2,—-3,—4, -5, -6 Giles 1987
C.G. A4B2 Rg: 1,2; Ch: 1,-2,3,4,-5,6 Giles 1987
Str. A4B5 Rg: 1,2; Ch: 1,-2,3,4,-5,6 Giles 1987, Hing et al. 1986
Rare cases
M.C. A3BI Rg: 1,2; Ch: 1,2,-3,4,5,—6 Giles 1987
D.W. A3A2BQ0 Rg: 1,-2; Ch: —1,-2,-3,-4,5,6 Giles 1987
D.C. A3BQO Rg: 1,-2; Ch: —1,—-2,—-3,-4,-5,6 Giles 1987
MS74 A2B3 Rg: ND; Ch: —1,2,—-3,4,5, —6 Giles 1987, Skanes et al. 1985
.M. * A4B5 Rg: 1,2; Ch: 1,-2,3,-4,5,6 Yu et al. 1986, Hing et al. 1986
A.D.* AlBQO Rg: —1,-2; Ch:1,-2,3,-4,5,6 Yu et al. 1986

ND, not determined
* Genomic DNA libraries have been made for these individuals
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another three specificities of the anti-Ch and their cor-

responding antigenic determinants on C4 were designated

Ch4, 5, and 6 (Giles 1987). A correlation of these deter-

minants with the Chl, 2, and 3 and with the Rgl and 2

determinants was made among 131 donors (Giles 1987).

Assignment of the presence of Rg/Ch determinants on

each C4 allotype is usually complicated by the presence

of more than one C44 or C4B gene in each individual,
and therefore family studies are always necessary. The
expression of some informative Rg/Ch haplotypes from
the C4A4 and C4B haplotypes is listed in Table 2. Cumula-
tive serological observations (Giles et al. 1984, Giles

1987) enabled the following conclusions to be drawn.

1. All C4B molecules express Ch4.

2. All C4B molecules expressing Chl, 2,3 also express
Ch4, 5, and 6 but not Rgl, 2.

3. Ch2 and ChS are closely related and never split on the
C4B molecule.

4. Ch3 appears related to Chl and Ch6 on both C4A and
C4B.

5. Both Rgl and Rg2 may not be expressed by some C4A
variants. Nonexpression of Rgl or Rg2 or both always
renders the C4A protein possessing certain Ch epi-
topes, but never Ch2 and Ch4.

6. Rgl and Chl appear to be the alternative antigenic de-
terminants on the C4 molecule.

As a result, it can be speculated that some of the Ch
determinants might be overlapping with other deter-
minants, and that Ch2 and Ch4 might be related to the
region of the C4 protein that would determine its isotypic
properties.

A structural model for C4 isotypic and antigenic
determinants

In parallel with the advance in serological typing of C4,
remarkable progress was made in the structural studies
of C4 between 1981 and 1986. This was initiated with the
determination of the amino acid sequence around the puta-
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tive thiolester site and most of the C4d region (Campbell
et al. 1981, Harrison et al. 1981, Chakravarti et al. 1983,
Hellman et al. 1984), and subsequently continued by the
isolation and DNA sequencing of C4 cDNA and genomic
clones (Carroll and Porter 1983, Carroll et al. 1984a, b,
Belt et al. 1984, 1985). Meanwhile, disulfide linkages
(Janatova 1986, Seya et al. 1986) and sites of glycosyla-
tion (Chan and Atkinson 1985) and sulfation (Karp 1983,
Hortin et al. 1986) of C4 have been elucidated. No differ-
ence has yet been found in these posttranslational modifi-
cations between C4A and C4B. The differential isotypic
properties as well as the complex antigenic determinants
are therefore more likely due to amino acid differences.
Full-length and partial cDNA (Belt et al. 1984, 1985) and
genomic DNA sequences (C. Y. Yu, manuscript in prepa-
ration) and partial protein sequences (Chakravarti et al.
1983) from pooled serum identified ~ 17 amino acid
changes among some common C4A and C4B allotypes.
Surprisingly, only a few variations lie on the beta and the
gamma chains, but 12 changes clustered at a small region
of 140 amino acids which is ~230 amino acid residues
C-terminal to the thiolester site at the C4d region.
Presumably, these 17 amino acid variations are the basis
of the (i) differential isotypic properties, (ii) antigenic de-
terminants, and (iii) some allelic variations. The small
number of variations on the beta and gamma chains are
probably responsible for allelic variations or for some
other undefined features, as these changes are not com-
mon to either C4A or C4B isotypes.

Isotypic and antigenic determinants were dissected by
molecular cloning and DNA sequencing of many alleles
of the C4 molecules (Yu et al. 1986) with defined func-
tional (Dodds et al. 1986) and antigenic (Giles 1987)
properties (Table 3). Comparison of derived amino acid
sequences at the C4d region between the Rg-positive
C4A3a and the Ch-positive C4B3 suggested that there are
eight amino acid changes which may be correlated with
the isotypic and antigenic determinants. These changes
are located at four regions as shown in Figure 1. Regions
I and III are due to single amino acid substitutions, while

Table 3. Correlation of the serological and structural data in six cloned C4 genes

4 Rg/Ch haplotype Characteristic
allotype a.a. sequence at C4d
o an (Im (14%)]

A3a Rg: 1,2; Ch: —1,-2,-3,—4,~5,—-6 D PCPVLD N VDLL
B3 Rg: —1,~2; Ch:1,2,3,4,5,6 G LSPVIH S ADLR
Al Rg: —1,-2; Ch:1,-2,3 456 G PCPVLD S ADLR
B5 Rg: 1, ND; Ch: —1,-2,-3,4,-5,6 D LSPVIH S VDLR
B2 Rg: ND; Ch: 1,-2,3,4,-56 D LSPVIH S ADLR
Bla Rg: ND; Ch: 1,2,-3,4,5, —6* G LSPVIH N ADLR

a.a., amino acid; ND, not determined
* Assumed Ch haplotype
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region II involves four clustered changes and region IV
involves two changes. Thus C4A3a has the sequence
D-PCPVLD-N-VDLL and C4B3 has the sequence
G-LSPVIH-S-ADLR at these regions. The fact that the
sequences of the Rg-negative C4A1 and C4B3 are identi-
cal at the C4d region except for the four changes at region
1T suggests that PCPVLD/LSPVIH at position 1101-1106
are the isotypic residues for C4A/C4B. Further data from
the C4B5 allotype support this finding, as it maintains the
C4B-specific sequence LSPVIH 1101-1106, but acquires
the C4A-related residues, D 1054 and VDILL 1188-1191.

Since the Rg and Ch determinants are located in the
C4d region (Tilley et al. 1978) and the eight substitutions
at regions I-IV are the only changes detected among the
Rg-positive C4A3a, Chido-positive C4B3, Rg-negative
C4A1, and Rg-positive C4B3, these substitutions should
also be related to the expression of the Rg/Ch antigenic
determinants on the C4 molecules. Based on the structural
data and the Rg and Ch haplotypes of these four cloned
C4 genes, and also on the cDNA and genomic sequences
of C4A44, C4A3b, C4Bla, C4BIb, and C4B2, whose

C.Y. Yu et al.: A model for Rg/Ch determinants

Fig. 1. A structural model for the location of the Rg and the Ch antigenic
determinants and the correlation with the human complement C4A/C4B
isotypes. The C4d fragment is from position 938 to 1317. The isotypic
residues of C4A and C4B are marked by crosses. The eight amino acid
changes at regions I, II, I1I, and IV constitute Ch5, Ch4, Ch6, and Chl,
which are probably continuous epitopes. In addition, they may form two
discontinuous epitopes, Ch2 and Ch3. The locations of the Rg deter-
minants are derived from the serological observation that on a C4
molecule Rgl and Chl appear to mutually exclude each other, while
Rg2 may be an alternative to Ch6 or Ch3, and from the structural and
serological data of C4B5 and C4A1. Deduced/assumed locations are en-
closed in parentheses (i.e., Ch3 and Rg2; Rg2 can also be a confor-
mational epitope). A solid triangle shows the position of intron. An open
square shows the location of the thiolester residues

Rg/Ch haplotype can only be derived indirectly (Table 3),
it is possible to correlate some of the antigenic deter-
minants with the amino acid residue changes at these four
regions. For the Chido determinants, it appears that there
is not a one-to-one direct correlation between an epitope
and the amino acid change(s) at each region. For example,
C4B2 differs from C4B3 only at region I (i.e., D 1054
cf. G 1054) and almost all C4B2 is Ch —2 and Ch —5
(Giles et al. 1987); C4Al differs from C4B3 at region II
and is Ch —2 and Ch —4. Thus the amino acid change(s)
at each region may be involved in the formation of more
than one epitope. Some of the epitopes are discontinuous
or conformational, which involves more than one region
(probably two); this is in accord with serological results
as already mentioned. Two C4B genes were partially se-
quenced at the polymorphic C4d region (Belt et al. 1985).
The sequence of C4B1b is identical with that of C4B3,
while that of C4B1a is unusual in having the C4A-related
region IV (i.e., N 1157). It is possible that this C4Bla
corresponds to the ‘‘partial inhibitor’’, which is Ch —3
and Ch —6. Based on these assumptions, the probable

Table 4. Comparison of Ch haplotypes and amino acid sequences of the C4d fragment of some C4 allotypes with a Ch-positive C4B allotype (e. g.,

C4B3)
Allotypes Polymorphic sequences at C4d Ch haplotypes*
@ y (1D av)
G LSPVIH S ADLR
1054 1101-6 1157 1188-91
C4A1 - -2,—4
C4B2 - -2,-5
C4Bla - -3, -6
C4B5 - - -1,-2,-3,-5
C4A3 - - - - -1,-2,-3,-4,-5,-6
Deduced location 5 e 4 [ |
of the Ch
epitope 2
—, Absence

* Only negative haplotypes are shown
¥ Assumed
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locations of the six Chido antigenic determinants have
been deduced and are listed in Table 4. The C4B-related
sequences at regions I, II, ITI, and IV, respectively, con-
stitute the Ch5, Ch4, Ch6, and Chl determinants. These
four determinants may be continuous (or sequential) epi-
topes. On the other hand, Ch2 and Ch3 may be discontinu-
ous (or conformational) epitopes: the former involves the
amino acids from regions I and II, while the latter involves
the amino acids from regions IIl and IV. As the C4B iso-
typic residues are related to the expression of Ch2 and
Ch4, this explains the fact that these two epitopes are
never expressed on the C4A molecules.

The situation for the location of Rg determinants is
less obvious. As C4A1 does not express Rgl and Rg2,
the C4A isotypic residues may not be related to the Rg
determinants, unless they are involved in the formation
of conformational epitopes. As C4B5 expresses Rgl and
as Rgl and Chl seem to be alternative in a C4 molecule,
Rg1 is probably determined by the C4A-related sequence
VDLL (1188-1191). It remains to be determined whether
Rg2 is a conformational or a sequential epitope. Accumu-
lated serological data infer that Rg2 could be the alterna-
tive to Ch6 (Giles 1987) or to Ch3, if it is a conformational
epitope. Therefore, the Rg2 determinant may be related
to the C4A-related region I'V sequence (i. e., N 1157) and
possibly to the region Il (i.e., VDLL 1188-1191). Thus
amolecular model for the location of the C4A/C4B isotyp-
ic residues and the Rg/Ch antigenic determinants has been
formulated and is presented in Figure 1.

This model can be partly tested by determining the
DNA sequences at the C4d regions for the C4BI gene in
linkage to C4A6, and for the isoexpressed haplotype C443
C4A2 (C4BQ0). For the first case, N 1157 is expected,
as the C4B1 protein expressed from the C446 C4B1 haplo-
type is Ch —3 and Ch ~6. The C4 proteins from the C443
C4A2 (C4BQ0) haplotype have been found to be Rgl, —2;
Ch5, 6 (Giles 1987). If Rg2 is alternative to Ché or to Ch3
and because the negative traits of the Rg and Ch deter-
minants are expressed in a recessive manner, S 1157
(Ch6/Rg —2) in region III are expected to be present on
both the C4A2 and C4A3 molecules, and G 1054 (ChS5)
in region I may be present on either or both of these isoex-
pressed C4A molecules. Alternatively, the model can be
tested by using synthetic peptides with amino acid se-
quences corresponding to the proposed antigenic sites for
competition binding to the alloantibodies. On the other
hand, the model is in accord with all of the serological
data and no exception has been found so far (C. M. Giles,
personal communication).

Prospective and implications
The elucidation of the C4A/C4B isotypic residues signifi-

cantly advanced our understanding of the structure and
function between two highly homologous proteins which
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exhibit diversified reactivities. It suggests the presence of
a region in the C4 molecule that may modulate the co-
valent binding reaction of the thiolester carbonyl group
(Yuetal. 1986). The determination of the molecular basis
of Rg/Ch antigenic determinants would provide insights
into the alloantigenicity of human proteins. It is interesting
to observe that only a single amino acid difference on a
1745-residue human serum protein can stimulate an im-
mune response after blood transfusion. For instance, a
blood transfusion patient with the C444 C4B2 haplotype
(Rgl,2; Chl, -2,3,4, -5, 6) produced antiserum spe-
cific for Ch2 and Ch5 (Giles et al. 1987). In this aspect,
the Rg/Ch antigenic determinants of C4 are remarkably
similar to the genetic markers in the constant regions of
the immunoglobulin molecules, Gm. The presence of
multiple antigenic determinants on the same molecule,
and some identical determinants on different isotypes,
and the polyspecificities of the corresponding alloantisera
are all common features shared by the two groups of se-
rum proteins. In comparison, study of the antigenicities
of C4A and C4B has the advantage of a manageable
complexity.

The high immunogenicity of a protein region would
suggest that this region is exposed to or readily accessible
for antibody-antigen interaction (Novotny et al. 1987).
This infers that the C4d region may be located on the sur-
face of the C4 molecule. A characteristic antigenic site
of a protein probably spans about six amino acid residues
(Kabat 1970, Schechter 1971), and they can be continuous
(sequential) or discontinuous (conformational) in nature
(Benjamin et al. 1984, Van Regenmortel 1987). There-
fore, the proposed locations for Rg/Ch determinants stand
for stretch(es) of amino acids at which the polymorphic
residue(s) are located. The proposed conformational epi-
topes Ch2 and Ch3 would infer that G 1054 and LSPVIH
1101-1106 are reasonably proximal to each other, and so
isS 1157 and ADLR 1188-1191. To this end, it is interest-
ing to note that a novel epitope that requires Ché (i.e.,
S 1157) and Rgl (i.e., VDLL 1188-1191) in cis configu-
ration has been described (Giles and Jones 1987). As al-
ready noted, the C4A isotypic residues appear non-
immunogenic. This might be the result of the unique, and
probably very rigid structure formed by a cysteine and
two proline residues. It was suggested that the C4A iso-
typic residues cause the retardation of the alpha chain
mobility (therefore, larger apparent relative mass) in
modified SDS-PAGE (Roos et al. 1982, Chan and
Atkinson 1985).

A monoclonal antibody which can distinguish between
Ch1 and Rg1 has been described (Dodds et al. 1986, Giles
and Ford 1986). This antibody has proved useful in the
separation of many C4A and C4B allotypes (Dodds et al.
1985, 1986).

Using a C4d-specific probe for Southern blot analysis,
the presence of DNA sequence determining the expression
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of Rgl/Ch1 epitopes and the C4A/C4B isotypic residues
can be detected, respectively, by the EcoO 109 and Nla
IV restriction fragment length polymorphisms (RFLPs)
(Yu and Campbell 1987). The application of these defini-
tive RFLPs enabled the studies of C4 genetics at the DNA
level that has proved useful in the elucidation of the
molecular basis of the C4 null alleles. It is also possible
to distinguish between DNA sequences related to the Ché
(and to the Rg2) epitope by an Alu I RFLP at the cor-
responding position. The DNA sequence determining the
Ch5 epitope cannot be recognized by a known restriction
enzyme. However, its presence can be characterized by
a specific oligonucleotide probe or by direct nucleotide
sequencing. Application of these recombinant DNA tech-
niques would be helpful in the typing of C4 that is impor-
tant in the studies of HLA genetics.
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