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The human receptor for the complement cleavage fragments C3b and C4b (comple-
ment receptor type 1, CR1) is found on the surfaces of erythrocytes, most peripheral
blood leukocytes, glomerular podocytes, and follicular dendritic cells, and in plasma
(1-3). Besides the removal of C3b- or C4b-coated microorganisms or immune com-
plexes (4), CR1 also serves as an inhibitor of the C3 and the C5 convertases by dis-
sociating C2b and Bb fragments and by acting as a cofactor for the factor I-medi-
ated cleavage of C3b and C4b (5, 6). This regulatory capacity is shared by the
structurally related members of a supergene family, termed the regulator of comple-
ment activation (RCA)! region, located on chromosome 1 (7-13).

Human CR1 is a single chain glycoprotein with four allotypic variants that differ
in M, on SDS-PAGE by increments of 40-50 kD (14-17). The two most common
variants are termed F and S (or A and B allotypes) and exhibit M; of 250 and 290
kD, respectively. These variations reflect differing lengths of the polypeptides and
not posttranslational modifications, since distinct unglycosylated precursors have been
described (18) and incremental differences of 1.3 to 1.5 kb were also observed in the
CR1 transcripts from various allotypes (19, 20). The cDNA that encodes the entire
F allotype of 2,039 amino acids (aa) has been sequenced and the extracellular por-
tion of the molecule is found to comprise 30 short consensus repeats (SCR). A fea-
ture that distinguishes CR1 from the other proteins of this gene family is the organi-
zation of the NHj-terminal 28 SCRs into four tandem long homologous repeats
(LHR) of about 450 aa, each containing seven SCRs. Extensive sequence homolo-
gies of 60 to 99% have been observed among the LHRs, suggesting that they have
arisen by gene duplication (21, 22).
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The genetic mechanisms that led to the generation of the allotypic forms of CR1
were initially explored by the analyses of the RFLP of the DNA from donors ex-
pressing the F or the S allotypes (19). The evidence against the generation of the
differently sized allotypes by alternative splicing of the transcripts are threefold. First,
the appearance of additional Bam HI and Sac I fragments were associated with the
S allotype without the corresponding loss of any fragments in the DNA of homozy-
gous FF donors, indicating that insertion or deletion events, rather than mechanisms
involving single base changes, were responsible for these RFLPs. Second, introns
were duplicated in the F allele and an additional duplication was present in the S
allele. Third, the allotypic differences of 40-50 kD at the protein level and 1.4 kb
at the transcriptional level corresponded to the length of one LHR, suggesting that
addition or deletion of this unit formed the basis of the structural polymorphism
in human CR1 (19).

A quantitative polymorphism has also been observed in CR1 in which the number
of receptors on erythrocytes was determined by an autosomal codominant mode of
inheritance (23-26). High or low CR1 expression on erythrocytes was associated
with allelic 7.4~ and 6.9-kb genomic Hind I1I fragments, respectively (25, 26). Linkage
dysequilibrium was observed between this RFLP and the CR1 structural allotypes,
suggesting that this polymorphism was located within or near the CR1 gene (19,
24, 25). The present study examines the molecular bases of these structural and
genomic polymorphisms by mapping the CR1 gene and localizing the restriction
sites that determine these RFLPs.

Materials and Methods

Genomic Libraries. Large fragments of the DNA from peripheral blood leukocytes or EBV-
transformed cell lines of selected donors were obtained by partial digestion with Sau 3A 1
and selection on a 10-40% sucrose gradient. The fractions containing DNA of 35-45 kb were
pooled, precipitated in ethanol, and ligated to the cosmid vectors pJB8 or pNNRI (27). The
plasmid pNNRI was derived form pI'CF (28) by substitution of the Hpa I site by a Not I
site, For the construction of genomic libraries in phage, the DNA fragments of 18~25 kb from
the sucrose gradient were ligated to EMBL-3 arms (29) (Stratagene, San Diego, CA) and
the recombinant clones were amplified on Escherichia coli strain P2392. The genomic library
in EMBL-3 of a donor who expressed the 8 allotype of CR1 was the gift of Dr. John H.
Weis (Harvard Medical School, Boston, MA) (21). Recombinant CR1 clones were identified
by hybridization to *?P-labeled ¢cDNA probes.

Southern Blot Analysis and Mapping of Recombinant Clones. DNA was isolated from peripheral
blood leukocytes or EBV-transformed cell lines and analyzed after digestion with restriction
enzymes and agarose gel electrophoresis as previously described (19). The DNA from the
transformed cell lines was compared on Southern blots to DNA isolated from the peripheral
blood leukocytes of the same donor to ascertain that rearrangement had not occurred. Recom-
binant phage or cosmid DNA was isolated by centrifugation on CsCl gradients (27) and ana-
lyzed by probing the blots of the restriction digests with cDNA or genomic fragments. The
order of the restriction sites was determined by probing the blots of the partial digests with
DNA fragments derived from the left or right arm of phage A, termed MAP-L and MAP-R,
respectively (30). The restriction maps of the cosmid clones were similarly determined by
analysis of Not I-linearized DNA using probes specific for the fragments to the right or to
the left of the Hpa I/Not I site.

Probes.  Restriction fragments of CR1 ¢cDNA (Fig. 1 4) were subcloned into PUC18. Owing
to the high sequence homology among the LHRs, crosshybridization is observed (Table T).
Thus, although CR1-t is derived from LHR-B, it hybridizes to corresponding regions in
LHR-A, -C, and -D. CR1-4 hybridizes to the first two SCRs in LHR-B and -C, while CR1-18
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TasLe T.
Fatterns of Hybridization of CR1 ¢DNA Probes
LHR-A LHR-B LHR-C LHR-D
SCR Probe SCR Probe SCR Probe SCR Probe
1 CR1-18 8 CR1-4 15 CR1-4 22 CR1-10
2 CR1-19 9 CR1-4 16 CR1-4 23 CR1-10
3 CR1-2 10 CR1-2 17 CR1-2 24 CR1-5A
4 CR1-1,1-2 11 CRI1-1,1-2 18 CR1-1,1-2 25 CR1-5A
5 CR1-1,1-2 12 CR1-1,1-2 19 CR1-1,1-2 26 CR1-1,1-2
6 CR1-1,1-2 13 CR1-1,1-2 20 CR1-1,1-2 27 CR1-1,1-2
7 CRI1-1 14 CRi-1 21 CR1-1,1-2 28 CR1-1,1-2

and CR1-19 are specific for the 5 region of LHR-A and CR1-10 for the 5' region of LHR-D
(21, 22). CR1-12 represents a segment of an intron between SCR-8 and -9 (21).

The intervening sequence probes, GBIR1, GBIHE (HE), GB2PE (PE), GB2PX (PX),
and GB2SS (SS) were derived from the two distinct polymorphic Bam HI fragments that
had been cloned from selected donors (19) (Fig. 1 B). The insert from clone 16.1 is associated
exclusively with the expression of the S allotype and is expected to lie within the structural
gene of CR1 (19). GB2PE, -PX, and -8S are Pvu II-Bam HI, Pvu II-Xba I and Ssp I frag-
ments of ~400, ~800, and ~300 bp, respectively. GBIR1 and -HE are Eco RI and Hind III-
Bam HI fragments of 1.85 kb and ~400 bp, respectively. Probe 2.22.2, derived from the 3’
end of phage clone 2.22, is located in a 15-kb intron in LHR-D. None of the genomic probes
contained CR1-specific coding sequences of human repeat sequences.

DNA Sequence Analysis. Restriction fragments of genomic clones were subcloned into
M13mp18 or M13mpl9 and sequenced by the dideoxynucleotide chain termination method
(31) using a Sequenase Kit (U. S. Biochemical, Cleveland, OH) (32). DNA sequence analyses
were performed at the computer facility of the Howard Hughes Medical Institute, Harvard
Medical School Department of Genetics, using the Genetics Computer Group software of
the University of Wisconsin Biotechnology Center (33).

Results

The Organization of the S Allele of CR1.  The analysis of the structure and polymor-
phisms of the human CR1 gene was performed by restriction mapping of phage
and cosmid clones identified by a series of cDNA probes spanning the CR1 gene
(Fig. 1 A). When large spans of intervening sequences occurred, genomic libraries
were screened with derived genomic probes, e.g., 2.22.2. Few cosmid clones contain-
ing inserts corresponding to the homologous regions within the CR1 structural gene
were identified, perhaps reflecting a high frequency of recombination leading to the
loss of such clones. Restriction mapping of the genomic clones was performed with
four enzymes that identified genomic polymorphisms, Bam HI, Eco RI, Hind III,
and Sac I.

The alignment of 25 overlapping phage and cosmid clones permitted the map-
ping of 160 kb that contained all of the S allele. The gene can be divided into nine
regions: the 5 region containing untranslated and leader sequences; five regions having
exons encoding the LHRSs; a short region containing the two 3' SCRs that are not
included within an LHR; a segment having exons encoding the transmembrane and
cytoplasmic regions; and 3' untranslated sequences (Fig. 2). Sequence analysis of
the 5" genomic clone revealed a single exon encoding the signal peptide and part
of the 5' untranslated sequences. The 3’ boundary of this exon was located at the



WONG ET AL. 851

§ ALLELE
5UT LS LHR-A LHR-B/A LHR-B LHR-C LHR-D 3'SCRs TM/CY 3 Ut
< | | 1 I ] 1 1
—
10 kb
LHR-A LHR-B LHR-C
F ALLELE < | 1 N S

Ficure 2. The S and F alleles of human CR1. The heavy black bars represent the genes and
the lines underneath each represent the overlapping phage or cosmid clones that were aligned
to obtain the restriction maps. The vertical marks divide the functional domains of the gene which
are designated as in Fig. 1 4.

glycine residue at position 41 (Fig. 3) which is predicted to be the site for the cleavage
of the signal peptide (22). At the 3’ end of the gene, separate exons encode the last
two SCRs as demonstrated by the hybridization of CR1-8 and 1-11 to two distinct
Nsi I fragments and the absence of a Nsi I site in the cDNA (Fig. 4 and reference
21). The rest of the 3’ coding sequence is contained within three exons, one encoding
residues 1969-1976 and the others containing the transmembrane and cytoplasmic
domains. The 3" untranslated sequences detected by CR1-15 are located ~9 kb fur-
ther downstream (Fig. 4).

Between these 5' and 3' genomic regions were the five segments ranging in length
from 18 to 30 kb that hybridized to cDNA probes specific for LHR-A, -B, -C, and
-D (Figs. 2 and 4). The designation of the genomic segments according to the LHRs
uses the nomenclature previously used for the cDNA sequences of the F allotype
(21, 22). Despite the high level of similarities between cDNA sequences of different
LHRs that resulted in crosshybridization of certain probes under stringent condi-

50 -40 30 20 -10 10 +20
... TTCAGTTTTCTTCGAGATCAAATCGTGGTTTGTAGATGTGCTTGGGGAGA ATG GGG GCC TCT TCT CCA AGA

M G A 8 S P R

+30 +40 +50 +80 +8
AGC CCG GAG CCT GTC GGG CCG CCG GCG CCC GGT CTC CCC TTC TGC TGC GGA GGA
S P E P VvV G P P A P G L P F ¢C [+ G G
+80 +50 +100 +110 +120 L
TCC CTG CTG GCG GTT GTG GTG CTG CTT GCG CTG CCG GTG GCC TGG G GTGAGAGGCG....
S L L A vV V V L L A L P V A W G...

Ficure 3. Nucleotide and derived amino acid sequences from genomic clone 5.2 showing the
intron/exon junction following the leader sequence. Residues -1 to -27 of the 5 untranslated se-
quence are identical to those found in the cDNA clone T109.4 (22). The arrow designates the
proposed splice site followed by the consensus 3’ splice sequence.
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s RR RH S H S H R HRM B R RARH M nL: Hn

1-8 1-11 113 1-13 1-18

Ficure 4.  Restriction map of the S allele of CR1. The black bars represent contiguous regions
of the gene and the white and stippled boxes are the regions to which the cDNA and the genomic
probes hybridized, respectively. The placement of the probes on the map was determined by re-
striction mapping, Southern blot analyses and comparison of these restriction sites to those in
the cDNA sequence (21, 22). Some of these placements were approximated and sequence anal-
yses have not been performed in all cases to determine the exact intron/exon boundaries. The
bracket over the 3 end of LHR-B/A designates the 2.7-kb gap to which no phage clones could
be unambiguously assigned. The restriction sites are designated as follows: A, Ava I; B, Bam
HI, H, Hind III; L, Sal I; R, Eco RI, and S, Sac I. Not all Ava I sites are shown. The Hind
I11 site marked with an asterisk in LHR-D corresponds to the polymorphic site described in Figs.
7 and 8.

tions, each LHR genomic region could be distinguished either because of unique
hybridizations with cDNA probes or because of distinct restriction maps (Fig. 4).
The LHR-A genomic region was identified by its unique hybridization with the CR1-18
and CR1-19 probes, whereas recognition of the LHR-B and -C genomic segments
was possible because their 3’ regions differentially hybridized with the intervening
sequence probes PX, SS, and HE. The LHR-D region could be distinguished by
its hybridization with CR1-10 and CR1-5A.

The genomic region present between the LHR-A and -B segments contained a
14.5-kb Bam HI fragment and a 19-kb Sac I fragment that were previously found
to be associated with expression of the S allotype. This region most resembled a
hybrid comprising the 5’ half of the LHR-B segment, which can be distinguished
from this region of the LHR-C segment by the Ava I site (Fig. 4), and the 3 half
of the LHR-A segment and is therefore termed LHR-B/A. It is considered to contain
exons encoding the fifth LHR that had been postulated to be present in the S allo-
type (19). At the 5' end of the LHR-B/A genomic segment, there is an apparent gap
of 2.7 kb to which no phage clones could be assigned. However, when Southern blots
containing the Bam HI, Eco RI, Hind III, and Sac I digests of DNA from individ-
uals homozygous or heterozygous for the F and S allotypes were probed with CR1-4
and PE, identical patterns were observed for the relevant junction regions (Fig. 5).
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Ficure 5. Autoradiographs of the Southern blots in which CR1-4 and GB2PE were hybridized
to the restriction digests of the DNA from donors expressing the different structural allotypes
of CRI. A Hind III digest of the ADNA was used as a marker and the positions of these fragments
are designated in kilobases on the left. The fragments derived from the junctions of LHR-segments
in the structural gene are designated by arrows on the right. Additional hybridizing bands were
derived from the nonoverlapping cluster described in Fig. 9.

Therefore, the restriction fragments spanning the junctions between the segments
of LHR-A and -B, LHR-A, and -B/A, and LHR-B/A and -B were identical in size
(Figs. 4 and 6), suggesting that the 2.7-kb gap exists in our map only because of
an inability to make a unique assignment of a genomic clone to this region.

Comparison of the LHR segments of the CR1 gene revealed several remarkable
similarities. For example, the PE genomic probe from the 5’ region of the LHR-B/A
segment crosshybridized under stringent conditions to the corresponding regions
of the LHR-B and -C genomic segments (Fig. 4) and each site of hybridization was
flanked by a series of nine identical restriction sites (Fig. 4). Similarly, the 3' regions
of LHR-A and -B crosshybridized with genomic probes from the 3' region of the
LHR-B/A segment and these regions also contained similar restriction sites.

In contrast to these highly homologous regions of the CR1 gene were unique seg-
ments that included the 5 portion of LHR-A, the 3' portion of LHR-C, and all of
LHR-D (Fig. 4). Although the intervening sequence probe GBIR1 hybridized to
the 5 introns in both the LHR-A and -D segments, these regions did not have a
similar relationship to flanking exons. The intron recognized by this probe in the
LHR-A segment was between exons encoding SCR-2 and -3, whereas in the LHR-D
segment, the intron was 5 to the exons encoding the first two SCRs of this LHR
(Fig. 4). Differences could be found even in genomic segments containing exons
having almost identical sequences. For example, although SCR-3 through -7 of LHR-A
were 98% identical in nucleotide sequence to SCR-10 through -14 of LHR-B, the lat-
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ter could be distinguished at the genomic level by additional Bam HI and Hind III
sites and the hybridization of the SS and HE genomic probes to smaller 1.8-kb
Hind I and 1.5 kb Eco RI fragments, respectively (Fig. 4). These differences high-
light the similarities between the LHR-B/A genomic segment and the homologous
regions of the LHR-A and -B segments and strongly suggest that the coding sequences
of LHR-B/A will be similar respectively to LHR-B and -A (Fig. 4).

The intron/exon organization of the five homologous segments of the CR1 gene
could be inferred from the restriction map and the pattern of hybridization of cDNA
probes. In the LHR-A region, the hybridization of cDNA probes specific for SCR-!
and -2 to three distinct Bam HI fragments (Fig. 4) and the finding of noncoding
sequences between the codons for residues 134 and 135 of SCR-2 (Bartow, T. J,,
unpublished observations) indicate that SCR-2 is encoded by at least two exons. Simi-
larly, CR1-4, a 381-bp cDNA probe encoding SCR-15 and SCR-16 of LHR-C that
is highly homologous to the corresponding two SCRs of LHR-B/A and -B, hybrid-
ized to three Hind III fragments of 7.3, 2.2, and 1.8 kb on Southern blots of DNA
from individuals having the FF, FS, and SS allotypes (Fig. 5). As the restriction maps
of these respective regions of the CR1 gene were identical (Fig. 4) and there were
no Hind III sites within CR1-4, the occurrence of three hybridizing fragments indi-
cates that at least three exons encode each pair of NHj-terminal SCRs of these
LHRs. Furthermore, CR1-12 is a cDNA probe derived from unspliced intervening
sequence between residues 551 and 552 of SCR-8 and -9, respectively (21). It hybrid-
ized to the 1.8-kb Hind III fragment from each LHR region, suggesting that the
first SCR of each LHR 1is probably encoded by a single exon. The second SCR of
LHR-B/A, -B, and LHR-C must be encoded by at least two exons separated by the
intervening sequence identified by the probe, PE (Fig. 4). In LHR-D, intervening
sequences have been found between three distinct regions that hybridized to CR1-10,
the cDNA probe encoding the NHy-terminal two SCRs of LHR-D (Figs. 4 and 8).
Thus, the second SCR of each LHR is encoded by at least two exons.

The Eco RI-Hind III fragment of ~250 bp, which was conserved among LHRs-A,
-B/A, -B, and -C, may contain the third and fourth SCRs since both enzyme sites
were present in the cDNA and no hybridization to CR1 or CR1-2 was observed in
the DNA fragments that were 5 of this region in each LHR. Thus, these two SCRs
are encoded either by a single exon or by two exons separated by a small intron.
The location of the intervening sequence probes among regions of cDNA hybridiza-
tion indicates that at least four exons encode the third to the seventh SCR of LHR-A,
-B/A, and -B. Similarly, in LHR-C and -D, the CR1-1 and CR1-2 probes hybridized
to four distinct fragments (Fig. 4), and sequence analysis showed that the seventh
SCR in LHR-C was contained within one exon (21). Thus, at least seven exons are
in each LHR, and combining these with at least two exons encoding the two -COOH-
terminal SCRs not contained within an LHR (Fig. 4), adds up to at least 37 exons
encoding the ecto-domain of the S allotype of CR1.

The Organization of the F Allele of CR1.  To obtain further evidence that the F allo-
type of CR1, which contains four LHRs, is not the product of alternative splicing
of a transcript encoding five LHRs, genomic segments of the three 5 LHRs of an
F allele were mapped by aligning genomic clones from a library constructed with
DNA from an FF individual. The hybrization of GB1R1 in the most 5 clones local-
ized the LHR-A genomic region and the restriction sites in this region correspond
to those of the LHR-A segment of the S allele (Figs. 4 and 6). Downstream of this
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Ficure 6. Partial restriction map of LHR-A, -B, and -C of the F allele. The black bars represent
contiguous segments of the gene while the white and stippled boxes are the regions to which
the cDNA and the genomic probes hybridized, respectively. The restriction sites are designated
as in Fig. 4.

region was a segment distinguished by Hind III and Eco RI restriction fragments
of 1.8 and 1.5 kb, respectively, that hybridized to the genomic probes, SS and HE,
making this region identical to the LHR-B rather than the LHR-B/A region of the
S allele. The third homologous region was identical to the LHR-C segment and lacked
hybridization to the intervening sequence probes, PX, SS, and HE (Figs. 4 and 6).
Although the LHR-D region was not included in the clones analyzed, its presence
in the F allele is demonstrated by the cDNA sequence (21) and from analysis by
Southern blots of DNA from FF homozygotes. In summary, the F allele does not
contain the LHR-B/A genomic region of the S allele, indicating that its primary
transcript contains four rather than five LHRs.

Definition of the Hind I1I Polymorphism Associated with the CR1 Quantitative Folymorphism.
The allelic Hind III fragments of 7.4 and 6.9 kb that correlated with high and low
expression, respectively, of CR1 on erythrocytes were localized to the LHR-D genomic
region by their hybridization to the CR1-10 cDNA probe (Fig. 7). In this Southern

Kpn I KpnI+Hind I Hind II
| —— I R 1
HH HL LL HH HL LL HH HL LL
23- .
Ficure 7.  Autoradiograph of the South-
ern blot in which CR1-10 was hybridized
94- to the Hind III and/or Kpn I digests of
-h oo 2 the DNA of donors expressing high (HH),
6.6- intermediate (HL), or low (LL) numbers
of CR1 on their erythrocytes. A Hind III
digest of of ADNA was used as a marker
44- and the positions of these fragments are
- . — < designated in kilobases on the left. The
- fragments derived from the structural gene
- are designated by arrows on the right.
2.3-
2.2

Probe: CR1-10
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blot, a fragment of 2.35 kb hybridizing to 1-10 was observed that has not been found
in any CR1 genomic clones. Restriction maps of two allelic genomic clones, 2.22
and 2.38, that hybridized with CR1-10 revealed that although they contained iden-
tical 3.5-kb Kpn I fragments, double digestion with Kpn I and Hind III generated
distinct fragments of 3.0 and 3.5 kb, respectively (Figs. 7 and 8). The additional
Hind III site in 2.22 accounting for the smaller fragment was 0.5 kb upstream from
the 3' Hind III site of the 7.4-kb restriction fragment in clone 2.38, and therefore
corresponded to the site responsible for the 6.9-kb Hind III fragment defining the
L allele. Sequence analysis of 126-bp Eco RV to Rsa I fragments from both genomic
clones identified the single base change responsible for the additional Hind III site
in 2.22 relative to 2.38 and confirmed its location in noncoding sequences of the
gene (Fig. 8).

Duplication of the CR1 Gene.  Evidence for duplication of the CR1 gene was provided
by the finding of a cluster of overlapping phage clones spanning 60 kb that hybrid-
ized at high stringency to CR1 ¢cDNA and genomic probes (Fig. 9). The first 36
kb of this cluster contained regions homologous to the signal peptide and the SCRs
of LHR-A. Hybridization to the noncoding probes, GBIR1, PX, S§, and HE were
also observed in the same 5 to 3' order as in the LHR-A genomic segment. The

SUT LS LHR-A LHR-B LHR-C LHR.D T™ICY 3 UT
< ] 1 ] L 1 1
10 kb
—
m M (o}
RH R B RK HR S K K HK K R
1] | | | (‘ﬁi Ji "H(I |

CLONE 2.38 (H allele)

Mo M —
S K K GG H'HK HKK RH H R
1 4 [ 111 [
CLONE 2.22 (L allele) / |\
v H A 40 bp
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Ficure 8. Restriction maps, sequence strategy and partial sequence of the inserts of the phage
clones 2.38 and 2.22 which contain the allelic 7.4- and 6.9-kb Hind III fragments that are as-
sociated with the high (H) or low (L) expression of CR1, respectively. The restriction sites are
as follows: A, Rsa I; B, Bam HI; G, Bgl I; H, Hind II]; K, Kpn I; R, Eco RI; §, Sac I and
V, Eco RV. The polymorphic Hind I1I site is designated in italics with an asterisk and the Hind
I11 sites that flank the 7.4- and 6.9-kb fragments are in boldface. The brackets above the clones
represent the regions which hybridize to the CR1-10 probe. The bases corresponding to the new
Hind III site are enclosed in a box.
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Ficure 9.  (4) Restriction map of the CR1-like nonoverlapping cluster of genomic clones. The
black bars represent the gene and the white and stippled boxes are the regions to which the cDNA
and the genomic probes hybridized, respectively. The restriction sites are designated as in Fig.
4. The polymorphic sites are designated with asterisks. (B) The heavy line represents the gene
and the lighter lines represent the overlapping phage or cosmid clones used to generate the re-
striction map in (4).

3’ portion of this segment of DNA resembled the LHR-C more than the LHR-B
region in its capacity to hybridize to the CR1-4, 1-12, PE, and 1-1 probes and its
lack of hybridization to the PX, 88, and HE probes. However, the restriction map
for these clones was clearly distinct from that for the CR1 structural gene, mdlcatmg
that this is a duplicated and not allelic region (Fig. 9).

Three polymorphic sites that accounted for previously identified genomic poly-
morphisms have been mapped to this region. The absence or presence of an Eco RI
site located 16 kb from the 3’ end of this cluster determines the allelic 20- and 16-kb
Eco RI fragments hybridizing with CR1-1 and CR1-4 that have been found in DNA
from all 85 individuals that have been examined (19). The absence of a Bam HI
site 28 kb from the 5’ end of this second cluster determines the appearance of a 14.5-kb
Bam HI fragment hybridizing with GB1R1 that corresponds to the insert of clone
4.2 (see Materials and Methods) in ~10% of normal individuals (19). This Bam HI
polymorphism is associated with the presence of an additional Sac I site 3.5 kb down-
stream that accounts for the appearance of 7.9- and 3.3-kb fragments that hybridize
with CR1-4 and CR1-1, respectively (19). Whether these polymorphisms have any
effects on CR1 expression remains unknown since linkage dysequilibrium has not
been observed with the structural or quantitative polymorphisms (19).

Discussion

The S allele of human CR1 contained five LHR segments of 20 to 30 kb each,
while the cDNA and a partial genomic map of the F allele showed that there were
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only four homologous regions (Figs. 1, 2, 4, and 6). The longer transcripts associated
with the S allotype were products of this longer allele with coding capacity for an
additional seven SCRs or ~450 aa. Although sequence homology existed in both
the coding and noncoding regions, each LHR segment had unique restriction sites
or introns. The association of the 14.5-kb Bam HI and the 19-kb Sac I fragments
with the LHR-B/A segment identified this as the additional DNA in the S allele (Figs.
4 and 6). The similarity of this segment to the 5 half of the LHR-B and the 3’ half
of the LHR-A segments predicts that its coding sequence will be identical to that
of LHR-B. As LHR-B and -C have recently been shown to contain C3b-binding
sites (22), the S allotype of CR1 may have a third binding site for this ligand.

In the CRI1 gene, the signal peptide and the transmembrane and cytoplasmic regions
are encoded by separate exons, while most of the SCRs are found in exons of ~200
bp as has been reported in human C4BP, C2, factor B and IL-2R (Tac-I) and in
murine factor H (34-37). That the second SCR in each LHR is encoded by two
exons is an indication of specialized functional capacities of this repeat unit. Recent
evidence from the analyses of the C3b/C4b binding capacities of CR1 deletion mu-
tants lacking one or more LHRs indicated that the specificity for these ligands is
determined by the first two SCRs in each LHR (22). These observations are consis-
tent with the second SCR in murine factor H being encoded by two exons and the
localization of the C3b binding site of human factor H to the NH; terminus of this
molecule (37, 38).

Within the CR1 gene, the regions of homology or divergence at the genomic level
corresponded to those found in the cDNA, suggesting that each LHR evolved as
a 20-30-kb genomic unit. For example, as in the cDNA, the genomic regions that
contain the first two SCRs of LHR-B and -C were almost identical (Figs. 1, 4, and
6). Thus, the divergence of LHR-A in the first two SCRs and their flanking introns
presumably reflects its preference for the ligand C4b over C3b (22). Conservation
of the third and fourth SCRs in LHR-A, -B/A, -B, and -C was observed at both
the cDNA and the genomig level, indicating a contribution of these units either to
the functional capacities of their neighboring SCRs or to other necessities for struc-
tural constraints. In contrast to the similarities in both introns and exons between
the LHR-A and -B segments, only the preservation of coding sequences was observed
in the LHR-C and -D genomic segments (Fig. 4 and reference 21).

The extended internal homologies observed in the elongated structure of CR1
provide opportunities for homologous recombination between two alleles in which
the generation of the different allotypes of CR1 can be achieved by the addition or
deletion of one or more LHRs. For example, acquisition of LHR-B/A as a hybrid
of the 5 half of LHR-B and the 3' half of LHR-A can be achieved by a single cross-
over at the midpoints of LHR-A and -B between two F alleles. The reciprocal result
of such an event might be an allele that lacks the 3’ portion of LHR-A and the 5
portion of LHR-B and contains only one C3b binding site (Fig. 10). The F' or C
allotype that is ~40 kD smaller than the F allotype may be this reciprocal product
of the recombination event that generated the S allotype. The presumed monovalency
for C3b of the F' allotype might impair binding of C3b-bearing immune complexes,
accounting for the association of this allotype with systemic lupus erythematosus
(16, 39). A single crossover at the midpoints of LHR-A and -C of two F alleles can
also account for an allele which contains six LHRs (17) and perhaps four C3b binding



WONG ET AL. 859

I >< F allele
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Ficure 10. Proposed scheme for the generation of the CR1 allotypes. The ancestral gene pre-
sumably contained a signal peptide (L), three LHR segments, a transmembrane (T) and a cyto-
plasmic domain (C), designated by separate boxes. The different patterns in the LHRs represent
regions of divergence. The double arrows designate the points of crossover and the brackets under
the 3' end of LHR-A and the 5 end of LHR-C or -B represent the segments of DNA that have
been duplicated to generate the F and the S alleles, respectively.

sites. Similarly, the presentation of LHR-B as a hybrid of the 5" half of LHR-C and
the 3’ half of LHR-A at both the cDNA and the genomic level suggests that it can
also be acquired by a similar crossover between two F allele precursors containing
three LHRs (Fig. 10). An alternate mechanism for the insertion of an LHR involves
direct duplication, and conversion events are necessary to maintain the high ho-
mology among both introns and exons. These duplications within CR1 may be driven
by the combined necessity to extend the ligand binding sites away from the cell sur-
face and the requirement to achieve increased avidity for C3b/C4b-coated surfaces
through multivalent interactions.

Duplicative events were probably responsible for the generation of functionally
and structurally related genes within the RCA region (7-11). The finding of an addi-
tional cluster of clones with CR1 related sequences provides further evidence for
CRI1 duplication (Fig. 9). The close proximity of this second cluster of clones has
been inferred from pedigree analyses in which the the Eco RI polymorphism which
mapped to the second gene was found to be linked to the structural polymorphism
of CR1 (19). Furthermore, in the analyses of the RCA region by pulse-field electro-
phoresis, hybridization to repetitive or 5 and 3' CR1 cDNA probes was observed
within a single restriction fragment of ~250 kb (12, 13).
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An estimation of the sequences which are homologous to the cDNA probes CR1-1
and CR1-4 indicates that the nonoverlapping cluster of clones contains coding ca-
pacity for two LHRs. However, when these probes were used in Northern blot anal-
yses, no transcriptional products other than those relating to CR1 were identified
in tonsils, peripheral blood leukocytes, and the myelomonocytic cell line, HL60, in-
dicating that the additional gene may not be transcriptionally active in hematopoi-
etic cells (19, 20, 40, 41). Furthermore, the finding of three genomic polymorphisms
within 16 kb of this cluster suggests that mutations may be occurring more frequently
relative to the structural gene. These clones may therefore represent a partial allele
generated during the multiple duplicative processes in the evolution of CR1 or part
of a pre-CR1 gene having only LHR-A, -C, and -D, as depicted in Fig. 10. Evidence
in support of this hypothesis is the identification of an additional CR1-10-hybridizing
Hind III fragment of 2.35 kb that has not been localized to the structural gene (Fig.
7), suggesting that another segment similar to LHR-D may exist.

The Hind III polymorphism that was associated with the high or low expression
of CR1 on erythrocytes was localized to a single base change in the intervening se-
quences between the exons encoding the second SCR in LHR-D. The occurrence
of this polymorphism 35 kb away from the 3’ end of the LHR-B/A region accounts
for the lack of recombination between these genomic polymorphisms (19). Although
intragenic enhancer elements have been reported for the Ig genes, these regulatory
sequences are within several kilobases of the promoter region (reviewed in reference
42). Since the additional Hind III site is at least 70 kb away from the 5' promoter
region in an F allele, the effect of this base change on the expression of CR1 remains
unclear. However, the finding of individuals who were homozygous for the 7.4-kb
Hind III fragment associated with high expression of CR1 but who consistently ex-
pressed low levels of CR1 (25) indicated that other genetic factors may be involved
and the Hind III site may represent a genetic marker for other cis factor(s) that regu-
late the expression of CR1.

Summary

Structural and quantitative polymorphisms have been described in human CR1.
In the former, the S allotype is larger than the F allotype by 40-50 kD, the size of
a long homologous repeat (LHR). In the latter, homozygotes for a 7.4-kb Hind III
fragment express fourfold more CR1 per erythrocyte than do homozygotes for the
allelic 6.9-kb restriction fragment. The basis for these genomic polymorphisms has
been determined by restriction mapping the entire S allele and part of the F allele.
The S allele is 158 kb and contains 5 LHRs of 20-30 kb, designated -A, -B/A, -B,
-C, and -D, respectively, 5 to 3. Extensive homology was found among the LHRs
in their restriction maps, exon organization, and the coding and noncoding sequences.
The presence of LHR-B/A in the S allele but not in the F allele accounts for the
longer transcripts and polypeptide associated with the former allotype. At least 42
exons are present in the S allele, with distinct exons for the leader sequence, the
transmembrane and cytoplasmic regions and most of the SCRs comprising the ex-
tracellular portion of CR1. Consistent with the mapping of the ligand binding site
to the first two SCRs in each LHR, the second SCRs in LHR-A, -B/A, -B, and -C
are encoded by two exons, reflecting a specialized function for this unit. The allelic
7.4/6.9-kb Hind III fragments extend from the 3' region of LHR-C to LHR-D. The
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6.9-kb restriction fragment is the result of a new Hind III site generated by a single
base change in the intron between the exons encoding the second SCR of LHR-D.
A second cluster of genomic clones has been identified by hybridization to CR1 probes.
Although they contain regions of hybridization to the cDNA and genomic probes
derived from CRI, these cannot be overlapped with the structural gene owing to
their distinct restriction maps. Three genomic polymorphisms previously identified
by CR1 cDNA probes map to this region. These additional clones may represent
part of a duplicated allele located nearby within the CR1 locus.

The authors would like to thank Dr. Thomas J. Bartow for providing the nucleotide sequences
which detemined the 3' exon/intron junction within SCR-2.
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