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The human genes encoding the regulatory complement components C4-
binding protein (C4BP), the C3b/C4b receptor (CRI), the decay-accelerating
factor (DAF), and factor H (H) are linked and define the regulator of complement
activation (RCA) gene cluster (1-3), which maps to band q32 of chromosome 1
(4, 5). The same chromosomal location has been reported for the human gene
encoding the C3dg receptor (CR2) (4), suggesting that CR2 also belongs to this
linkage group. Since the RCA gene cluster encodes the proteins involved in the
control of the C3-convertases (reviewed in reference 6), it represents the regu-
latory counterpart of the class III gene cluster of the MHC that encodes the
structural components of the C3-convertases C2, B, and C4 (reviewed in refer-
ence 7). In spite of their nonsyntenic chromosomal location, the functionally
related MHC—class I1I and RCA gene clusters may share a common evolutionary
history. They encode proteins that bind to C3b and/or C4b and share a particular
structural organization of repeats of 60 amino acids characterized by a framework
of highly conserved residues (reviewed in reference 8). Early attempts to deter-
mine the genetic organization of the RCA cluster have separated the H gene
from the CR1, C4BP, and DAF genes (9), but the lack of recombinations between
the latter has not allowed a more detailed map to emerge from formal genetic
analyses. This difficulty has now been overcome through the analysis of very
large genomic DNA fragments using pulsed field gel electrophoresis (PFGE) and
we have aligned the CRI, CR2, DAF, and C4BP genes on an 800-kb DNA
segment.

Materials and Methods

PFGE Analysis. Human genomic DNA was prepared from an EBV-transformed B cell
line as described in reference 10. Briefly, cells were collected by pelleting, washed twice
with PBS, and resuspended at 30 X 10° cells/ml in PBS. An equal volume of melted low-
gelling temperature agarose (SeaPlaque; FMC Corp., Rockland, ME), 1.6% in PBS at
50°C, was mixed with the cell suspension and immediately poured into ice-cooled 20 X 6
X 10-mm molds. When set, the agarose blocks were cut into 1-mm-thick slices that were
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incubated in 0.5 M EDTA, pH 8.0, 1% SDS, and 2 mg/ml Proteinase K at 55°C for 2 d.
The agarose slices were washed twice in TE (10 mM tris-HCI, pH 8.0, 1 mM EDTA) at
room temperature for 30 min, twice in TE with 0.05 mg/ml PMSF at 55°C for 30 min,
and then two more times with TE at room temperature. Plugs of 6 X 3 X I mm (containing
~1.5 ug DNA) were cut from the slices and subjected to restriction enzyme digestions.
These were done in 200-ul vol for 4-8 h with 12-30 U of enzyme per digestion. In the
double digestion experiments, when enzymes were not buffer compatible, the agarose
plugs were washed twice with 1 ml of H;O before the second enzyme digestion. PFGE
was done in 13 X 13-cm 1.5% agarose gels in 0.25X TBE (1x TBE: 89 mM Tris borate,
89 mM boric acid, 2 mM EDTA) using a 120° angle alternating homogeneous electrical
field apparatus constructed according to Chu et al. (11). The gels were usually run at 185
V (voltage gradient of ~6 V/cm) for 42 h with pulse lengths of 95 s for the first 21 h and
35 s during the last 21 h. After running, the gels were stained with 0.5 ug/ml ethidium
bromide and then UV irradiated for 6 min before alkaline transfer to Biotrace-RP nylon
membranes (Gelman Sciences, Inc., Ann Arbor, MI). The membranes were prehybridized
in 5x SSC, 1% SDS, 2% skim milk, 200 ug/ml denatured salmon testes DNA at 68°C for
3-8 h and then hybridized for 24-40 h under the same conditions with probes **P labeled
by the random oligopriming method (12). After high stringency washes (0.2x SSC, 1%
SDS at 68°C) the membranes were exposed for 1-3 d with Kodak RX-Omat films at
—70°C. Before reprobing, the membranes were stripped by washing in 0.4 M NaOH at
45°C for 30 min and then in 0.2 M Tris-HCI, pH7.5, 0.1X SSC, 1% SDS at 45°C for 30
min. Both Saccharomyces cerevisiae (strain 344-12A) chromosomes and A-c1ts857 DNA con-
catemers were used as molecular weight markers. Yeast chromosomes were obtained as
described (11) and A DNA concatemers were prepared by autoannealing of the cos ends
in solution (unit size, 48.5 kb). The CR1 (CR1-1), DAF, and H (NZ-2B12) cDNA probes
used here have been previously described (13-15) and were generous gifts of Dr. D. T.
Fearon (Department of Medicine, Harvard Medical School, Boston, MA), Dr. I. Caras
(Genentech, Inc., South San Francisco, CA), and Dr. B. F. Tack (Department of Immu-
nology, Scripps Clinic and Research Foundation, La Jolla, CA), respectively. The C4BP
probe is an 810-bp cDNA clone corresponding to the 3’ end of the human C4BP mRNA.
This clone was isolated in our laboratory by antibody screening of a human liver cDNA
Agt-11 expression library. The identity of this clone as human C4BP was confirmed by
comparison of its nucleotide sequence with that reported by Chung et al. (16). The CR2-
c¢DNA clone CR2-1.6 was obtained from the American Type Culture Collection, (Rock-
ville, MD), and is described in reference 17.

Results and Discussion

To determine the physical map of the chromosomal region including the CR1,
CR2, DAF, C4BP, and H genes, we have generated large fragments of human
genomic DNA with infrequently cutting restriction enzymes, separated them by
PFGE, and sequentially probed Southern blots of these gels with locus-specific
cDNA probes. The identity of fragments apparently hybridizing with two or
more probes has been confirmed with double-digestion experiments that have
also allowed the elaboration of the long range restriction map of the region.

Fig. 1 shows the hybridization of the different probes with Sal I, Sac 11, Mlu
I, Not 1, and Sfi I digests. CR1, CR2, DAF, and C4BP probes hybridize with a
640-kb Sal I restriction fragment, while the C4BP probe also recognizes two
additional Sal I fragments of 75 kb and >2,500 kb, respectively. This, therefore,
locates the C4BP gene at one end of this group of genes.

A 475-kb Sfi I fragment hybridizes with both the C4BP and DAF but not with
the CR1 and CR2 probes locating the DAF gene between C4BP on one side and
CR1 and CR2 on the other. These relationships are confirmed by an 800-kb Mlu
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FIGURE 2. Restriction map of the human genomic region containing the CRI, CR2, DAF,
and C4BP genes. The code for the restriction enzymes is included in the legend to Fig. 1.

I fragment that hybridizes to both the C4BP and DAF but to neither the CR1
or CR2 probes.

The CR1 and CR2 probes, and none of the others, identify a 480-kb Mlu 1
fragment that upon digestion with Sal I, results in a 320-kb fragment also
common to both of them. The CR1 and CR2 probes hybridize with different Sfi
I restriction fragments of 340 and 85 kb, respectively. Further digestion of these
Sfi I fragments with Sal I decreases the size of the fragment hybridizing with the
CR1 probe to 255 kb, but not that of the fragment that hybridizes with the CR2
probe. Since the CR1, CR2, and DAF probes hybridize with different Sfi 1
fragments, but with a common 8al I restriction fragment, the decrease in the
size of the fragments hybridizing with the CR1 and the DAF probes, respectively,
produced by the double-digestion Sfi I/Sal I, indicates that the CRI and DAF
genes flank CR2.

Taken together, these data are only compatible with the order CRI-CR2-DAF-
C4BP for these genes within the RCA gene cluster. The corresponding restriction
map for this region of the human genome is illustrated in Fig. 2. It is worth
noting that the CR2 gene, which was previously assigned to the same chromo-
somal band (1q32) by in situ hybridization experiments (4), maps, in fact, in the
close vicinity of the CRI gene, supporting the suggestion that these two genes
originated from a common ancestor (17).

The H probe did not hybridize to any of the fragments recognized by the
CR1, CR2, DAF, or C4BP probes (Fig. 1) and, therefore, a physical link between
the gene encoding H and those for CR1, CR2, DAF, and C4BP is still lacking.
This does not allow us to determine the orientation of the CR1-CR2-DAF-C4BP
gene cluster in relation to H or to estimate the length of the region between
them and, hence, the size of the RCA gene cluster. Based on the data presented
here, however, RCA exceeds 1.0 megabases (Mb) of DNA in length and given
the recombination data (9) it might be as long as 7 Mb, assuming 1 cM to
correspond roughly to 1 Mb.

Preliminary evidence has been obtained of the existence of an RCA cluster in
the mouse (18), which suggests that, as in the case of the MHC—class III genes,
those in the RCA cluster may persist as a linked group in different species.
Acquisition of mechanisms (C3-convertases) to amplify the C3b deposition on
target surfaces and of parallel mechanisms to efficiently control these C3-
convertases and to prevent host tissue damage may have favored the generation
of the MHC—class I1I region and the RCA gene cluster, respectively. The nature
of the selective advantage conferred by the maintenance of the linked configu-
ration, if any, is at the moment unclear.

Interestingly, both systems, the MHC—class III region and the RCA gene
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cluster, show extreme linkage disequilibrium between alleles of the loci involved.
Although genetic variation of RCA genes has been much less explored than that
of the MHC-class III genes, we have previously reported that the C4BP*2 allele
(gene frequency 0.01) is found only in haplotypes also carrying CRI*B (gene
frequency 0.137; reference 9). Since the region between these genes, including
CR2 and DAF, measures several hundred kilobases, this complete linkage dise-
quilibrium probably portends absence of crossing over. In the case of the MHC-
class I1I gene cluster, linkage disequilibrium might be a predictable consequence
of its small size and of the short physical distances between its genes. It might be
significant, however, that both gene clusters show differences among haplotypes
in either the number of genes (i.e., deletions or duplications of the C4A, C4B
regions [19]) or the size of the genes (i.e., CRI [20]). If reduced frequencies of
recombination were consequences of these differences in the genetic organization
of the different haplotypes, one of the possible mechanisms could be an interfer-
ence with the pairing of the homologous chromatids in these regions.

Summary

We report the organization of the human genes encoding the complement
components C4-binding protein-(C4BP), C3b/C4b receptor (CR1), decay accel-
erating factor (DAF), and C3dg receptor (CR2) within the regulator of comple-
ment activation (RCA) gene cluster. Using pulsed field gel electrophoresis analysis
these genes have been physically linked and aligned as CRI-CR2-DAF-C4BP in
an 800-kb DNA segment. The very tight linkage between the CRI and the C4BP
loci, contrasted with the relative long DNA distance between these genes,
suggests the existence of mechanisms interfering with recombination within the
RCA gene cluster.
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