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ABSTRACT Three pedigrees informative for the segrega-
tion of genetic variants of the binding protein for the fourth
component of complement (C4BP) and C3b/C4b receptor
(C3bR) have been identified. There were 10 informative meio-
ses with no recombinants, indicating a close linkage between
the loci encoding C4BP and C3bR, C4BP and C3bR [maximum
lod (logarithm of odds of linkage) score: 2.4 at recombinant
fraction = 0.0]. In addition, in the four unrelated individuals
who were doubly heterozygous (C4BP*1, C4BP*2, C3bR*A,
C3bR*B), the infrequent allele C4BP*2 segregated together
with the uncommon allele C3bR*B, supporting the hypothesis
of linkage between C4BP and C3bR and suggesting that link-
age disequilibrium exists between these particular alleles. We
conclude that the loci encoding C3bR and C4BP, two function-
ally related molecules, are linked.

Genetic variants for many of the complement components
have been found in humans and other species (reviewed in
ref. 1). The study of the segregation of these variants has
shown that some of the complement proteins that are func-
tionally related are also genetically associated in linkage
groups. Two such linkage groups have been found in hu-
mans: (i) the second and fourth components of complement
(C2 and C4) and factor B (2-5) and (i) the sixth and seventh
components of complement (C6 and C7) (6, 7). The latter
linkage group includes components with molecules of similar
size that are part of the membrane attack complex. The for-
mer linkage group, located inside the major histocompatibility
complex (MHC), includes complement components involved
in the formation of both the classical- and the alternative-
pathway C3 convertases, C4b2a and C3bBb, respectively.
At least four proteins regulate the activity of these C3 con-
vertases. Two are serum glycoproteins; factor H and C4-
binding protein (C4BP), and two are membrane glycopro-
teins: the C3b/C4b-receptor (C3bR) and the decay-acceler-
ating factor (DAF). Because of the similarities of the
functional properties of these four molecules, the hypothesis
that they may be controlled by a “new” cluster of linked loci
is now proposed. Testing of this hypothesis by classical seg-
regation analysis is made possible by the recently demon-
strated genetic polymorphism of C4BP, factor H, and C3bR
in humans (8-13). Two allelic variants of C4BP (8, 9) and
three of factor H (10) have been identified by isoelectric fo-
cusing under completely denaturing conditions. Three dis-
tinct forms of C3bR (11-13) have been identified by NaDod-
SO,/polyacrylamide gel electrophoresis on human erythro-
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cytes and leukocytes that vary in molecular weight by
relatively large amounts (160,000, 190,000, and 220,000).
Neither C4BP nor C3bR are closely linked to the major his-
tocompatibility complex (8, 14). We now present data indi-
cating that the genes that code for C4BP and C3bR are close-
ly linked in humans.

MATERIALS AND METHODS

Typing of C4BP. Phenotyping for C4BP was performed as
described (9) by using fresh EDTA-containing serum or se-
rum samples stored at —80°C. Samples were treated with
neuraminidase before immunoprecipitation. Immunopre-
cipitates were analyzed by isoelectric focusing under com-
pletely denaturing conditions on vertical 4.5% polyacrylam-
ide slab gels and stained with Coomassie blue for analysis.

Typing of the C3b/C4b Receptors. Phenotyping for C3bR
was performed by using blood samples collected in citrate
dextrose. Surface-labeling of erythrocytes by %I and purifi-
cation of C3bR was performed as reported (11, 13). A mouse
monoclonal IgG1 antibody (57F) against C3bR was utilized
for immunoprecipitation (generous gift of Victor Nussen-
zweig, New York University). Immunoprecipitates were
subjected to slab gel electrophoresis by the method of
Laemmli with a 5% polyacrylamide gel and autoradiography.

RESULTS

One hundred and eighty-four families have been allotyped
for C4BP. Six of them were informative, five being of the
mating type (C4BP*1, C4BP*1 x C4BP*1, C4BP*2) and one
of the mating type (C4BP*1, C4BP*2 X C4BP*1, C4BP*2).
Three of these six families were not available for further test-
ing. The remaining three were allotyped for C3bR. Fig. 1,
Fig. 2, and Table 1 summarize the typing results for both
C4BP and C3bR in these three families.

In Family 1 the father is doubly heterozygous: C4BP*1,
C4BP*2; C3bR*A, C3bR*B. The mother is homozygous to
both loci (C4BP*1, C4BP*1; C3bR*A, C3bR*A). Three of
the offspring inherited C4BP*2 together with C3bR*B from
the father, and the remaining two inherited C4BP*1 together
with C3bR*A. In Family 2 the father is again a double het-
erozygote (C4BP*1, C4BP*2; C3bR*A, C3bR*B). The moth-
er is homozygous C4BP*1, C4BP*1 and heterozygous
C3bR*A, C3bR*B. In this family, five children were homo-
zygous to the C3bR locus and, therefore, are informative.
Three of them inherited C4BP*1 together with C3bR*A from

Abbreviations: C2-C7, second to seventh components of comple-
ment; C4BP, C4-binding protein; C3bR (also called CR1), C3b/C4b
receptor; C4BP and C3bR, loci coding for C4-binding protein and
the C3b/C4b receptor, respectively.
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Fic. 1. C4BP and C3bR were allotyped in Family 1 (MW = M,).
Phenotypes for C3bR (upper panel) and C4BP (lower panel) were
assigned for father (Fa), mother (Mo), and siblings (1-5).

the father; the remaining 2 inherited C4BP*2 together. with
C3bR*B. The four remaining offspring in this family were
C3bR*A, C3bR*B heterozygous, and no linkage information
can be derived from them. In Family 3, both parents were
double heterozygotes (C4BP*1, C4BP*2; C3bR*A,
C3bR*B). The only child available thus far (C4BP*1,
C4BP*1; C3bR*A, C3bR*A) suggests that C4BP*2 must seg-
regate together with C3bR*B from both parents, if these
genes are indeed linked.

Thus, as summarized in Table 1, 10 out of the 15 offspring
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FiG. 2. Results (as in Fig. 1) for family 2; father (Fa), mother
(Mo), and siblings (1-9).
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Table 1. Analysis of linkage between C4BP and C3bR in three
selected families

Informative
m meioses* lod
Family C4BP C3bR (NR:R) scoret
1 Father 12 A.B
Mother 1,1 AA
Sibling 1# 1,2 A.B
2% 1,1 AA
3% 1,1 AA
4% 1,2 A,B
5t 1,2 A,B
Subtotal  5:0 1.2
2 Father 1,2 A.B
Mother 1,1 A,B
Sibling 1 1,1 A,B
2% 1,1 AA
3t 1,1 AA
4% 1,2 B.B
5 1,2 AB
6 1,2 A.B
7 1,1 A.B
8t 1,2 B.B
9t 1,1 AA
Subtotal  5:0 1.2
3 Father 1,2 A.B
Mother 1,2 A,B
Sibling 1 1,1 AA
Subtotal 0 0
Total 10:0 24

*NR, nonrecombinant; R, recombinant.
tlod analysis calculated at a recombination fraction of 0.0.
Informative siblings for lod analysis.

in these families were informative for the calculation of the
lod (logarithm of odds of linkage) score value. This value
was estimated as 2.4 at a recombination fraction of 0.0. (i.e.,
the odds on linkage are 256 to 1). In order to definitively
establish the linkage between two loci, a lod score value of 3
is conventionally required. However, in the case of C4BP
and C3bR, another observation strongly supports the sug-
gested close linkage: in each of the four unrelated C4BP het-
erozygotes thus far encountered, C4BP*2 appears to segre-
gate together with C3bR*B. Because the gene frequency of
C3bR*B is only 0.160, the equilibrium expectation would
have been a more frequent association of C4BP*2 with
C3bR*A (83%). Thus, the probability of finding that the four
C4BP*2 alleles segregate together with C3bR*B would be
0.16* (7 x 10~*) on the basis of the null hypothesis of genetic
independence.

DISCUSSION

In this study we provide initial evidence for linkage between
the loci coding for C4BP and C3bR in humans. Variation of
C4BP is uncommon (<3% of normal population), and only
three families informative for both loci were available for
study. Nevertheless, these three families were informative in
two ways. First, the lod score analysis suggested linkage be-
tween the loci for C4BP and C3bR, with no observed recom-
binants. Second, in the four unrelated individuals with the
infrequent C4BP allele C4BP*2, it was found that this allele
had or must have segregated together with the less common
C3bR allele C3bR*B, suggesting the existence of linkage dis-
equilibrium between these two alleles. Our pedigrees were
not sufficient to evaluate linkage between the loci for factor
H and C3bR or factor H and C4BP.

Previously, two serum proteins and three integral mem-
brane proteins have been identified that regulate activities of
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Table 2. Human C3b and C4b binding proteins
Genetics
Polymorphic
Protein Location Ligand M, variants Linkage

Factor H Serum C3b 160,000 3 ?
C4BP Serum C4b > C3b 590,000* 2 C3bR
C3bR Erythrocytes and C3b > Cé4b 160,000 3 C4BP

leukocytes 190,000

220,000

DAF Erythrocytes C4b2a > C3bBb 70,000 ? ?
gp45-70 Leukocytes C3b > C4b 45,000-70,000 ? ?

*C4BP dissociates into M, 70,000 subunits under reducing conditions.

the classical- and alternative-pathway convertases (Table 2).
The first three (factor H, C4BP, and C3bR) exhibit poly-
morphism and share functional properties. Factor H is a se-
rum glycoprotein that regulates decay of the alternative-
pathway C3 convertase (C3bBb) by dissociating factor Bb
from C3b (15). It also serves as a cofactor for I-mediated
cleavage of the a-chain of C3b (16). C4BP, a serum glycopro-
tein, inhibits the activity of the classical-pathway C3 conver-
tase (C4bC2a) both by displacing C2a from C4b and by pro-
moting cleavage of C4b by I (17, 18). However, C4BP shares
regulatory properties with factor H, since it can also bind
C3b and promote cleavage of C3b by I (19, 20). Finally,
C3bR is an integral membrane glycoprotein found on eryth-
rocytes and most leukocytes (21). C3bR binds C4b and C3b,
and its functional capacities encompass those of C4BP and
factor H. C3bR promotes the decay of both classical- and
alternative-pathway convertases and serves as a cofactor for
I-mediated cleavage of C4b and C3b (21, 22).

In addition to C4BP, factor H, and C3bR, two other
C3b/C4b-binding proteins have been described. DAF (decay
accelerating factor) and gp45-70 (human glycoprotein with
M;s between 45,000 and 70,000) are integral membrane gly-
coproteins (Table 2). DAF binds to the classical- and alterna-
tive-pathway convertases, C4bC2a and C3bBb, and in so do-
ing, dissociates C2a or factor Bb from the enzyme complex
rendering it inactive (23, 24). DAF has a 10-fold greater bind-
ing activity for the classical- than for the alternative-pathway
convertase (24). It is found on erythrocytes, platelets, and
probably leukocytes. gp45-70 is a more recently described
group of functionally similar molecules on human leukocytes
(25). gp45-70 binds C3b better than C4b and has been isolat-
ed by affinity chromatography using these ligands (25). In
preliminary studies, we have found that it dissociates the
classical-pathway convertase and also serves as cofactor for
I-mediated cleavage of C3b. Of interest, a similar-sized mol-
ecule is the major C3b binding protein of rabbit alveolar mac-
rophages (26, 27).

The C3b/C4b binding proteins listed in Table 2 are func-
tionally similar in that they bind C3b and/or C4b and dissoci-
ate enzyme complexes containing these proteins. This report
provides evidence for a genetic linkage between two of these
regulatory proteins, C4BP and C3bR, possibly resulting from
gene duplication analogous to that suspected for C2 and fac-
tor B (28). Further studies are required to determine whether
factor H is linked to C4BP and C3bR, whether DAF and/or
gp45-70 are polymorphic and, if so, whether they are geneti-
cally linked to any of these molecules.
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