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The human C3b/C4b receptor, or complement receptor type one (CR1)! is a
single chain membrane glycoprotein found on a variety of cell types (reviewed in
reference 1). It is one of a family of proteins that interacts with the two complement
proteins, C3b and C4b, which bind to immune complexes and to foreign particles.
Over 85% of the CR1 on circulating cells is located on the surface of erythrocytes,
where it can mediate the binding, processing, and transport of C3b-coated immune
complexes. In addition, CR1 on phagocytic cells promotes endocytosis of small com-
plexes and phagocytosis of larger particles. CR1 also expresses regulatory activity
in that it acts as a cofactor for the factor I-mediated proteolytic inactivation of C3b
and C4b and accelerates the decay of the classical and alternative pathway C3 con-
vertases.

The proteins that bind C3b/C4b have recently become the focus of intense in-
terest, in part because many of them (CR1, H, C4bp, CR2, and DAF) are found
at a single locus on human chromosome 1 (2-6). They also share a common struc-
tural motif of tandemly repeated domains of 60-70 amino acids (7). These domains,
known as short consensus repeats (SCRs), contain a number of invariant and other
frequently conserved residues at specific positions.

Four polymorphic variants of human CR1 have been identified at the protein level
(8-11). Their reduced forms are of M, 220,000 (CR1-A), 250,000 (CR1-B), 190,000
(CR1-C), and 280,000 (CR1-D). In addition to classical genetic studies (8-12), two
lines of molecular evidence suggest that each allotypic variant is generated from a
different CR1 allele: (¢) CR1 messenger RNAs from the different variants demon-
strate size increments of ~1,400 bp (13, 14); and () restriction fragment-length poly-
morphisms of CR1 genomic sequences indicate chromosomal differences among the
variants in the CR1-encoding region (14).

Recently, Klickstein et al. (15) reported cDNA sequences that encode the COOH
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terminal 76% of the CR1-A polymorphic variant. They showed that nearly all of
this portion of the molecule is composed of SCRs and that the COOH terminus
contains a transmembrane segment and a cytoplasmic domain. In addition they
found that 21 of 23 SCRs in this region are organized in three long homologous
repeats {(LHRs) of seven SCRs each.

We have isolated CR1 clones from cDNA libraries of DMSO-induced HL-60 cells
(13). First, we report here the amino acid sequence of the NH; terminal 28% of
the major polymorphic form of CR1 which we derived from one of these cDNAs.
Together, with the similarly derived sequence of Klickstein et al. (15), this completes
the primary structure of the mature protein. Second, although the NH; terminus
of CR1 is composed of a fourth LHR, we find that the first two NHa-terminal SCRs
are markedly divergent when compared with the corresponding SCRs of the other
LHRs. We hypothesize that this segment is instrumental in cofactor activity, decay
accelerating activity, and/or C3b/C4b binding, and we propose a model for the or-
ganization of CR1 that is based on differences in the degree of homology within
the repeated sequences. Third, we identify an alternative polyadenylation site in
the CR1 transcriptional unit, and we predict the synthesis of a secreted product.
Fourth, we report a CR1-like genomic sequence that is highly homologous to the
alternative polyadenylation site and the surrounding exons of CR1

Materials and Methods

The isolation and characterization of pUCR1-4 has been described previously (13). The
CRI1-4 insert carried by that plasmid was removed by partial digestion of pUCR1-4 with
Eco R, isolated by standard methods (16), and joined to the sequencing vector pBSKS
{Stratagene Cloning Systerns, La Jolla, CA). A series of derivatives was constructed and DNA
sequencing was performed using the dideoxy method of Sanger et al. (17). Analysis of the
sequence data was performed on a personal computer (AT; IBM Instruments, Inc., Danbury,
CT) using the MicroGenie (Beckman Instruments, Inc., Palo Alto, CA) program.

Cosmid libraries were constructed as outlined in reference 16, using the human cell line
EB-19 (18) as a DNA source, the pI'CF vector (19), and an electrophoresis apparatus (Bulls-
eye; Hoeffer Scientific Instruments, San Francisco, CA) to fractionate by size genomic DNA
partially digested with enzyme Sau 3A. The A genomic library was that of Maniatis and col-
leagues (20), constructed with the Charon 4A vector (21) and human fetal iver DNA partially
digested with Hae III and Alu I. It was obtained through the American Type Culture Collec-
tion, Rockville, MD.

The growth of cel lines, RNA isolation, and Northern blot construction and hybridization
have been described (13). The DNA probes were electroeluted from polyacrylamide gels and
then labeled by the oligonuclectide-priming method (22). At least 0.5 ug DNA (10® cpm)
was used for each blot. Blots were reused after brief boiling and slow cooling in 2X SSC
(16) solution and after checking for residual hybridization by autoradiography. Southern blots
were prepared as described in reference 16.

Results and Discussion

CR1 Partial cDNA Sequence and Organization of CR1. We have previously reported
the isolation and characterization of a partial CR1 ¢cDNA (13). It encodes several
known CR1 peptides and is homologous to CR1 messenger RNAs on Northern blots.
We have now obtained the complete nucleotide sequence of that insert. It consists
of an open reading frame that extends 1,679 bp followed by an apparently untrans-
lated region of 697 bp (Fig. 1). Included in the open reading frame are the sequences
of eight peptides of the CR1 protein (13, 15, 22a).
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The first 16 amino acids of the open reading frame bear a strong resemblance
to a typical eukaryotic signal sequence (23), including a possible NHs/hydrophobic
boundary (immediately following Ser), a hydrophobic region (Leu-Leu-Ala-Val-Val-
Val-Leu-Leu-Ala-Leu), and a typical COOH region (Pro-Val-AlaTrp-Gly-Gln). We
anticipate the initial methionine codon occurs a short distance upstream of this coding
region. According to the “(-3, -1)” rule (23), the putative signal peptide would be
cleaved between Gly and Gln, resulting in a terminal Gln residue. Since the NH;
terminus of the mature CR1 protein is resistant to standard biochemical sequencing
procedures (24, 25), it is likely that the Gln is modified to pyroglutamic acid (26).

The remainder of the open reading frame consists of 8.5 SCRs, which are charac-
teristic of the family of proteins that interact with C3b/C4b. These repeats (see Fig.
2) are 60-70 amino acids in length and include invariant residues (four cysteines,
a glycine, and a tryptophan) as well as a number of frequently conserved ones (7,
15).

The open reading frame ends with a stop codon (TGA) at a possible 5’ splice se-
quence (CAGG/GTGAGT) (27). This site is followed by an apparently untranslated
region of 697 bp  with no features of SCRs discernable in any reading frame. The
sequence ends with an AATAAA polyadenylation signal (28), a sequence (CTTT:
GACTGQ) similar to the proposed polyadenylation consensus sequence (TTTT
CACTGC) of Benoist et al. (29), and a nine-base poly(A) tail.

Our sequence, comprising the NHj terminal 28% of CR1, includes at its 3' end
a precise overlap of 248 base pairs with the 5" end of the sequence of Klickstein et
al. (15) (Fig. 1). Merging the sequences of our two groups leads to a CR1 protein
composed of 1,998 amino acids organized into 30 SCRs followed by a transmem-
brane segment and cytoplasmic region (Fig. 3 4).

While each SCR in the C3b/C4b-binding protein family exhibits, typically, 20-35%
amino acid sequence homology with any other SCR in the family, the SCRs of CR1
exhibit an additional internal homology. As first described by Klickstein et al. (15),
CRI1 can be organized in tandem LHRs of seven SCRs each (Fig. 3 B). Each LHR
is 65-90% homologous to any other LHR. Our NH;-terminal sequence extends
this model through LHR-A.

With completion of the primary structure, it is apparent that the SCRs of CR1
can also be organized in another form (Fig. 3 C). This model incorporates the ho-
mologous repetition featured in the LHR model (Fig. 3 B) while using different degrees
of intramolecular homology as a physical basis for assigning separate regions. The
most dramatic example is region 1I, composed of 16 SCRs in LHRs A, B, and C
(SCR-3 through SCR-18). Within this region, the seven SCR repetition is dupli-
cated nearly precisely; for example, SCR 3-9 is 99% homologous to SCR 10-16,
and SCR 10-11 is 99% homologous to SCR 17-18 (Fig. 3 (). Adjacent to this lies
region III, which extends 10 SCRs (SCR-19 through SCR-28). Within this region
the seven SCR repetition is also seen in highly homologous degree; thus, SCR 19-21
is 91% homologous to SCR 26-28. Region II and region III have been divided be-
tween SCR-18 and SCR-19 because the degree of homology in the seven SCR repeat
unit changes at this juncture. SCR 12-18 is only 67% homologous to SCR 19-25.

Region I, consisting of SCR-1 and SCR-2, which is the NH2 terminus of the pro-
tein, is 61% homologous to SCR-8 and SCR-9 in region 1II, 61% homologous to
SCR-15 and SCR-16 in region II, and 59% homologous to SCR-22 and SCR-23
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SIGNAL 5' SPLICE SEQ AND POLYADENYLATION
PEPTIDE TRANSLATIONAL STOP CODON SEQ
CAGG/GYGAGT AATAAA
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GATCCCTGCTGGCGETTGTGGTGCTGCTTGCGCTGCCGGTEGCCTGGGGTCAATGCAATG 60

S L L AV YV VLLATLUPVAWGSQQCNKN 3
+1

CCCCAGAATGGCTTCCATTTGCCAGGCCTACCAACCTAACTGATGAGTTTGAGTTTCCCA 120

A PEWULUPTFARZPTNTLTDTETFTETFP 23

TTGGGACATATCTGAACTATGAATGCCGCCCTGGTTATTCCGGAAGACCGTTTTCTATCA 180
I ¢ TY L NYEG CRUPGYS GRUPTFs s I 43

TCTGCCTAAAAAACTCAGTCTGGACTGGTGCTAAGGACAGGTGCAGACGTARATCATGTC 240
I CL XKN SV WTGAZXDT®RTGCTRZRIEKSC 63

GTAATCCTCCAGATCCTGTGAATGGCATGGTGCATGTGATCAAAGGCATCCAGTTCGGAT 300
R N P PDPV NGMUV HYVY I KGIQTFG 83

CCCAAATTAAATATTCTTGTACTAAAGGATACCGACTCATTGGTTCCTCEGTCTGCCACAT 360
S Q I K'Y s ¢ T K G Y RLIGS S s aT 103

GCATCATCTCAGGTGATACTGTCATTTGGGATAATGAAACACCTATTTGTGACAGAATTC 420
¢ I I 8 6 DTV I WDNZETU®PTIZCGCDRI 123

CTTGTGGGCTACCCCCCACCATCACCAATGGAGATTTCATTAGCACCAACAGAGAGAATT . 480
P CGLPPTTITNGD DT FISTNT RTEN 143

TTCACTATGGATCAGTGGTGACCTACCGCTGCAATCCTGGAAGCGGAGGGAGAAAGGTGT 540
F HY 68 V VT YRTCNXNXZPGS8 6 6 R KV 163
TTGAGC'l"!.‘G’I‘GGGTGAGCCCTCCATATACTGCACCAGCMTGACGATCAAGTGGGCATCT 600
F E L ¢ E P S8 I YCTSNDUDUGQUV G 1T 183

GGAGCGGCCCCGCCCCTCAGTGCATTATACCTAACAAATGCACGCCTCCAAATGTGGAAR 660
WSGPAPQCIIPNKCTPPNVE 203
ATGGAA‘I‘ATTGGTAT CTGACAACAGAAGCTTATTTTCCTTAAATGAAGTTGTGGAGTTTA 720
N G I L VS8 DNURSULVFSLNEVVETF 223

GGTGTCAGCCTGGCTTTGTCATGAAAGGACCCCECCGTGTGAAGTGCCAGGCCCTGARCA 780
RCQPGFVHRGPRRVKCQALN 243
AATGGGAGCCGGAGCTACCMGCTGCTCCAGGGTATGTCAGCCACCTCCAGATGTCCTGC 840
XK W 2 P EL P S C S RV C QP P P D V L 263

ATGCTGAGCGTACCCAAAGGGACAAGGACAACTTTTCACCTGGGCAGGAAGTGTTCTACA 900
H A ERTA QU RDIEKTUDNU F¥S P GQ E V F Y 283
GCTGTGAGCCCGGCTACGACCTCAGAGGGGCTGCGTCTATGCGCTGCACACCCCAGGGAG 960
S ¢CE P G Y DLRGAARAMSMNMZPBRTCTUPOQG 303

ACTGGAGCCCTGCAGCCCCCACATGTGAAGTGAAATCCTGTGATGACTTCATGGGCCAAC 1020
D WS PAAPTTGCEVXSCcDDFMGQ 323

TTCTTAATGGCCGTGTGCTATTTCCAGTAMATCTCCAGCTTGGAGCAAAAGTGGATTTTG 1080
L LN GRV LFUPVNTILAO QLG AZ KTV VDT 343

TTTGTGATGAAGGATTTCAATTAAAAGGCAGCTCTGCTAGTTACTGTGTCTTGGCTGGAA 1140
vV ¢ DB GPF QLKGSS ASBB Y €V L A G 363

TGGAAAGCCTTTGGAATAGCAGTGTTCCAGTGTGTGAACAAATCTTTTGTCCAAGTCCTC 1200
M E S L W NS SV PV CEOQTITFCZ®P S P 383

Ficure 1. Figure continued on facing page.

of region III. Region IV, the last two SCRs in CR1 (29 and 30), is not a part of
the seven SCR repetition. It is 26% homologous to SCR-22 and SCR-23, 23% ho-
mologous to SCR-15 and SCR-16, 23% homologous to SCR-8 and SCR-9, and 26%
homologous to SCR-1 and SCR-2.
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CAGTTATTCCTAATGGGAGACACACAGGAAAACCTCTGGAAGTCTTTCCCTTTGGARAAG
P VIPNSGRIHTGI KU?PULEVVFUPTF G K

CAGTAAATTACACATGCGACCCCCACCCAGACAGAGGGACGAGCTTCGACCTCATTGGAG
A VN Y T CDPHPD RGT TS FDULTIG

AGAGCACCATCCGCTGCACAAGTGACCCTCAAGGGAATGGGGTTTGGAGCAGCCCTGCCC
E s T I RCT S5 D P Q G NGV W S S8 P A
————e—eee————-—— (e
CTCGCTGTGGAATTCTGGGTCACTGTCAAGCCCCAGATCATTTTCTGTTTGCCAAGTTGA
P R CG I LGHOCOQAPUDU HT FTULTFATIZ KL

AAACCCAAACCAATGCATCTGACTTTCCCATTGGGACATCTTTAAAGTACGAATGCCGTC
K T Q T N A 8 DVF PI G T S L K Y E CR
CTGAGTACTACGGGAGGCCATTCTCTATCACATGTCTAGATAACCTGGTCTGGTCAAGTC
P E Y ¥ G R PVF S8 I T OCULUDNILV WS 8

CCAAAGATGTCTGTAAACGTAAATCATGTAAAACTCCTCCAGATCCAGTGAATGGCATGG
P K DV C KRIKSCXKXKTUPUPUDUZPVNGHM

-]

TGCATGTGATCACAGACATCCAGGTTGGATCCAGAATCAACTATTCTTGTACTACAGGGT
vV HV ITDTIOQVV G S5 RINUZYSCTTG

GAGTTGGCAGCAACATCTCTTGGTTTAAGAGTTCCAGCACAGCGATAGTACTTTCTAGCC
A;ATCTCAGCAAGGAAACTAGGCTATTGCCACCTGCTCTTAAGAGGCTTGAACACAGGTG
TTAACTCCTGATTGAAATGAACAAAGATAGGAGAAGATTAGGGGGAAAATCTGTATCCTT
GCTGGAAACCAGGGCAGTGCACATATAAGAGTATGCTGTTCACTGGATGGGAAAGAAAAA
AACTTAGAAGTGTAGTAGTCAAAGCACACAAACAACCCTAACCCAGAGTAGACATTGCTG
GAAGAAAGGGAAGACCATGTAGCAGCTGTGTGAGAGAATGAATCTTAATGATAACAGCAT
GATCCCTTGCTAGGGCTGCCATCAAAAAGTACAGGCCTTCCTCGTTTTATTGTACTTCGC
AGATGTTATGCTTTTTACAAATTGAACGCTTGTGGGAACGCTGTGTAAGCATGTTCGTCG

GCATCATTTATCCAACAGCGTGTGTTGACTTCGTGTCTCTGTGTAGCATTTTGATTATTC

“TCACAGTATCCCAGATGTTTTCATTATTATCATGTCTGTGATAGTGATCTGTCATCAGTG

ATCTTTGATGTTACTATTGTCATTGTTTGGGGTCCCTACGAACTGCACCCATATAAGACA
GAAAACTTAATCAATAAATGTGCGTGCTTTGACTGCAAAAAAAAA
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Complete nucleotide sequence of CR1 ¢cDNA insert and derived amino acid sequence.

Indicated are the signal peptide region (wauvy line), known CRI1 peptide sequences (broken line),
the 5’ donor splice sequence (overlined), and the AATAAA polyadenylation signal (overlined). Arrows
mark the region that overlaps the 5 end of the partial CR1 sequence described by Klickstein
et al. (15). Also shown is a schematic of the insert and a summary of the sequencing strategy
used. These sequence data have been submitted to the EMBL/GenBank Data Libraries under
the accession number Y00812.
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Ficure 2. Alignment of the SCRs in the amino acid sequence derived from the CR1 cDNA

insert. The invariant residues are boxed and a consensus sequence, which indicates both the in-
variant and the frequently conserved residues, is shown below.



1260 TRANSCRIPTION OF COMPLEMENT RECEPTOR TYPE 1

CR1
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The complex homologies among the SCRs in CR1 suggest specific evolutionary
relationships. The arrangement of the first 28 SCRs into LHRs implies that this
region arose by duplication of a common seven SCR ancestral unit (15). Once mul-
tiple LHRs were established, however, additional events would have been required
to maintain the strict repetition in regions II and III. Highly homologous sequences
in CR1, such as those seen in regions II and III, could be established by duplication
and then maintained by unequal crossover and/or gene conversion (13, 15). Unequal
crossover in region I and/or I1I could lead to the polymorphic variants seen in CR1
(13-15). Region I apparently diverged from within the LHR organization, avoiding
the process of tandem evolution so apparent in the adjacent areas. Region IV is not
part of the LHR organization and could have been a contemporary of the proposed
seven SCR ancestral unit or it could have appeared afterwards.

The divergence of sequence found in region I is of particular interest because,
by analogy with H, another member of the C3b/C4b-binding superfamily, this re-
gion is the likely location of several functional sites. The evidence suggests that it
is the NHy terminal five or six SCRs (out of total of 20 SCRs) of H that carry C3b-
binding domains as well as cofactor activity (30, 31). In addition, both H and C4bp
are thought to be highly elongated, semi-rigid structures (32-34), and electron mi-
croscopic analysis has shown that C4b attaches near the tips of the C4bp tentacles
(33). Thus, at one extreme, the NHs-terminal region of CR1 could be involved in
cofactor activity, decay accelerating activity, and C3b/C4b binding while the remainder
of the protein would form an arm protruding from the cell surface. Experiments
with proteolytic fragments of C4bp have shown, however, that binding and cofactor
activity may be assigned to different internal SCRs (35). Therefore, the active sites
in CR1 may be more evenly distributed; for example, monovalent functions could
be mediated at the NH; terminus in region I and near the cell membrane in re-
gion IV, while multivalent functions could be mediated by the internal regions 11
and III. It is also possible that each separate homology region constitutes a separate
functional domain. In any case, the unique role of the NHj-terminal region in the
function of CR1 postulated here would be a selective force instrumental in main-
taining the divergence of region I from the adjacent regions.

Alternative Polyadenylation in the CR1 Transcriptional Unit.  The open reading frame
found in our derived sequence terminates at a stop codon nested within a 5' donor
splice sequence (CAGG/GTGAGT) and the cDNA ends with a polyadenylation signal
and a poly(A) tail. Since the composite sequence of Klickstein et al. (15) extends
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the open reading frame well beyond this point, it is possible that the end of our open
reading frame corresponds to an exon/intron junction in the CR1 gene. By this model,
our ¢cDNA clone would have been derived from an alternatively processed CR1 tran-
script, truncated at an alternative polyadenylation site located in the adjacent intron
(Fig. 4).

The most straightforward means of testing this hypothesis is to compare this part
of the CR1 gene with the cDNA. If correct, there must be a corresponding genomic
sequence that extends from the coding region for the NHj-terminal half of the SCR-
9, through the putative exon/intron junction, and the putative intron sequence to
the proposed polyadenylation site where divergence from the cDNA must occur.
To this end we generated a 586-bp DNA restriction fragment that lies entirely within
the proposed intron sequence (¢cDNA bp 1,799-2,385; Fig. 1). Genomic Southern
hybridization using this fragment as probe yielded a pattern indicating at least two
highly related genomic copies and several distantly related sequences (Fig. 5).

Screening four cosmid libraries and two A genomic libraries with our 586-bp probe,
we isolated three clones. These clones defined two nonoverlapping genomic regions.
Further analysis suggests that together they represent the genomic regions that bear
the most homology to our probe (Fig. 5).

DNA sequencing of one of these genomic regions, found on a A genomic clone,
yielded a segment with 99% homology to part of the cDNA sequence (Fig. 6), in-
cluding a potential exon encoding the NHj-terminal half of SCR-9 followed by the
putative intron in our cDNA clone, divergence at the proposed polyadenylation site,
and a potential exon encoding the COOH-terminal half of SCR-9 found in non-
truncated cDNAs (15). Two mismatches in the translated region, however, found
in the COOH-terminal half of the SCR, are consistent with the published CR1 SCR-16
sequence, which differs from SCR-9 only by these same base pairs. A third mis-
match, found in the NH2-terminal half of the SCR (Fig. 6), is not found in the
known SCR-9 or SCR-16 cDNA sequence. It is most likely a polymorphic variation,
since this clone was isolated from a different genetic source than the cDNAs. Thus,
although we cannot rule out the possibility of a separate gene, this first genomic
region most likely carries the two exons encoding CR1 SCR-16 and the accompanying
intron.

The second genomic region, found on two different cosmids, was also sequenced
(Fig. 6). It, too, contains extensive homology to our cDNA, including a potential
exon encoding a sequence similar to the NHj-terminal half of SCR-9/SCR-16, and

§’ SPLICE SEQ
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A B
| 2 3 4 5 6 | 2 3 Ficure 5.  (4) Southern blot of

EB19 genomic DNA using a

584-bp probe. 5 pg DNA was

cut with Eco RI (lane 1), Eco

_ RV (lane 2), Dra I (lane 3), Ssp
23120~ I (lane ), Hind I1I (lane 5), and
- Bam HI (lane 6). Alllanes were

94 |6- from the same 1% agarose gel.
Exposure was overnight. (B)
6557—- Southern blot of cloned genomic

DNA. A genomic clone 1 (lane

1), cosmid 4 (lane 2), and

4359—- cosmid 5.1 (lane 3) were cut with
Bam HI and run on a similar

- -« gcl as in A. Southern blot was

hybridized to the same probe

- < - =C and exposure was overnight.

232 2 — - Comparison with size markers

(shown on left of 4) in each gel
2027 - showed that Bam HI fragments

from the clones in B were of the
same mobility as the major
bands in genomic Bam HI frag-
ments in 4, lane 6 (see ar-
rowheads).

the correspondence continues through the apparently untranslated region with diver-
gence at the proposed polyadenylation site. It also contains a potential exon encoding
a sequence similar to the COOH-terminal half of SCR-9/SCR-16. The homologies,
however, averaged 95% at the nucleotide level. Additional sequencing (unpublished
data) revealed a number of possible exons that together exhibit similar homology
to most of the NHs-terminal coding region of CR1. Because the homology at the
amino acid level averages 90%, we conclude that this sequence is not part of the
CR1 gene, but from a highly related genomic region. It is likely to be the same re-
gion observed by Wong et al. (36), since it exhibits a similar restriction pattern.

The genomic sequences we have found lend strong support to our proposal of
alternative polyadenylation in the CR1 transcriptional unit. As already described,
the cDNA of CR1 is composed of long homologous repeats of seven SCRs with SCR-16
differing from SCR-9 by only 2 bp. Previous work suggests that this homology ex-
tends to the genomic level (14). Thus any comparison using the SCR-16 coding re-
gion should also be valid for the SCR-9 coding region. In our CR1 genomic clone
(as well as our CR1-like genomic clone), the sequence that encodes the NHo-
terminal half of SCR-16 is interrupted by an exon/intron junction at the same site
as the SCR-9 sequences in our cDNA, continues with sequence nearly identical to
the putative intron in the cDNA, and diverges from the cDNA sequence at the pro-
posed polyadenylation site. This structure is predicted for SCR-9 coding region by
the alternative polyadenylation hypothesis (Fig. 4). No other RNA processing would
be necessary to generate the truncated cDNA.

Northern Blot Analysis. Several DNA fragments were generated from our cDNA
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CAAAGATGTCTGTAAAC/
/ ==G

AAARCTCCTCCAGATCCAGTCAATGGCATGGTGCATGTGATCACAGACATCCATGTTGGAT
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Ficure 6. Comparison of por-
tions of the CR1 genomic se-
quence with the CR1 ¢cDNA
and the CR1-like genomic se-
quences. Relative differences
between the CR1 clone and the
¢DNAs and the CRI-like clone
are noted. Parenthesis indicate
a missing base. Diagonal slash
indicates junctions between
exons and introns. The se-
quence of the nontruncated
c¢DNA is taken from reference
15. Sequencing of the genomic
clones was performed with the
aid of synthetic oligonucleotide
primers generated from the pre-
viously determined ¢cDNA se-
quences. These sequence data
have been submitted to the
EMBL/GenBank Data Librar-
ies under the accession number
Y00812.

clone and used to probe poly(A)-containing RNA isolated from HIL-60 cells and
from EBV-transformed lymphocytes. The 586-bp probe derived from the untrans-
lated portion of the cDNA and used in the Southern blots shown in Fig. 5 was also
homologous to several RNA species ranging in size from 3.0 to 4.4 kb (Fig. 7 B).
As expected, it did not hybridize to the longer RNA species (7.3-11.6 kb, depending
on the allotype) believed to encode the full-length CR1 receptor (11, 12, 17). That
is because the intron sequence would be removed in the splicing that joins the RNA
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Ficure 7. Northern blot anal-
ysis of cell lines that express
CRI1. The probe used in 4 was
a 257-bp DNA fragment and
the probe used in B was a 586-
bp fragment also used in Fig. 5.
They were each derived from
the regions of the CR1 insert
that are shown. The source of

||(|}8: RNAs is as described in refer-
86- ence 13. (7) 4 ug DMSO:-in-
73- duced HL-60 (CR1-A homozy-

gote) RNA; (2) 15 ug EB 19

44 {CRI1-A homozygote) RNA; (3)

15 pg EB22 (CRI-B homozy-

gote) RNA; (#) 10 ug EB1916

(CRI-A/CRI-C heterozygote)

30 RNA. EB19, EB22, and EB1916

refer to EBV-transformed B
lymphocyte cell lines derived
from individuals expressing the
indicated CR1 phenotype. The
same blot was used for each
probe and exposure was 6 d.
Sizes of the hybridizing mRNAs
(in kb) are at left.

segments encoding the two halves of SCR-9 (Fig. 4). In contrast, probes derived
from the translated region are homologous to both full-length and truncated CR1
mRNA (Fig. 7 A).

The Northern blot results suggest that the CR1I transcriptional unit could pro-
duce a number of truncated RNA species. The largest of these species, 4.4 kb, could
be an artifact because it migrates close to the 28S RNA band. Even so, several dis-
tinct transcripts remain. Our sequence data indicates that one of these is processed
at SCR-9. Given the sequence similarity, one might expect another alternative poly-
adenylation site in SCR-16, yielding a second truncated messenger, 1,350 bases greater
in length than the first one. Remaining messengers could be the result of additional
alternative polyadenylation sites in the same introns or multiple transcriptional start
sites. In addition, it is possible that the CR1-like genomic sequence described above
could be the source of one or more of these transcripts, since the probes used in
the Northern blots also hybridize to the CR1-like genomic region. Further work is
required to understand the source of each of the short transcripts seen on the Northern
blots.

Our Northern analysis yielded similar 3.0-4.4-kb species whether the RNA source
carried the CR1-A polymorphism, the CRI1-B polymorphism, or both the CR1-A
and CR1-C polymorphisms, although the CR1-B transcripts were faint (Fig. 7). This
result suggests that the CR1-A and the CR1-B alleles may carry the same alternative
processing sites but does not preclude the possibility that CR1-C is lacking some
or all of these sites.

In our previous work (13), hybridization of poly(A)-containing mRNA to probes
encoding the CR1-translated region did reveal short species. At that time their rela-
tion to the CR1 gene was not known and it was possible that they represented hy-
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bridization to other members of the gene family. Only recently has it become clear
that CR1 nucleotide sequences do not hybridize at high stringency to the mRNAs
of DAF and CR2 (3, 37). In a different report (17), hybridization of similar probes
to tonsillar RNA apparently yielded no shorter species. This could be due to the
difference in cell types.

Prediction of a Secreted Form of CR1. The polypeptide predicted from the cDNA
clone is a signal sequence followed by the NHs-terminal 8.5 SCRs. The first eight
SCRs should retain the same functional capacity as they do in CR1 since their struc-
ture would probably not change. The last half-SCR segment, 35 amino acids in length,
would not retain the conformation found in the full repeat, since it is believed that
the cysteines at position 4 and 46 and the cysteines at positions 32 and 57 are linked
by their side chains in the repeated domains, as in B2 glycoprotein I (7, 38). The
terminal-half SCR could be a candidate for proteolytic cleavage at the arginine or
lysine residues that immediately preceed it.

Since a short form of CR1 would lack the transmembrane sequence and cytoplasmic
anchor found at the COOH terminus of the receptor (15), it would likely be secreted.
It is possible that a secreted CR1 form would express complement-mediating ac-
tivity that surface-bound forms could not.

Although a secreted form related to CR1 has been reported (39), it is much larger
in size than any predicted from our work. There have been other studies, however,
that have shown the presence of biosynthetically-labeled C3b-binding proteins of
approximately the size appropriate for a 60-kD form in HL-60 cells (see Fig. 4 of
reference 40). Alternatively, it is possible that the secreted form is not expressed at
maximal levels in cells that are producing membrane CR1 and will only be found
in other cell types, other tissues, or during specific stages of B lymphocyte develop-
ment or differentiation.

Regulation of the CR1 Tianscriptional Unit by Selective Polyadenylation. 'The use of two
different processing events at an intron within SCR-2 of LHR-B appears to govern
the production of two classes of CR1 messenger RNAs. Polyadenylation results in
the shorter transcripts that could direct the synthesis of secreted CR1, while splicing
is required for the production of longer transcripts that direct the synthesis of the
CRI1 receptor. In general, it appears that the addition of poly(A) to 3' ends of nuclear
RNA occurs more rapidly than RNA splicing (41-44), so it is the control of polyade-
nylation at this site that probably determines the processing pathway used.

The selection of alternative polyadenylation sites within a transcriptional unit
resulting in differential gene expression occurs in the regulation of the late tran-
scriptional unit of adenovirus 2 (45) and in the tissue-specific expression of calcitonin
and calcitonin gene-related peptide (46). Moreover, it also appears in the develop-
mental progression from expression of surface IgM in B lymphocytes to the secre-
tion of IgM in mature plasma cells (47). In each of these cases, as well as that of
CR1, trans-acting factors could be involved in the selection of polyadenylation sites.
The alternative polyadenylation site in CR1 could be used to regulate the ratio of
full-length messenger to truncated messenger.

Euvolution of the C3b/C4b-binding Protein Multigene Family. As mentioned, CR1 is
a member of a “superfamily” of C3b/C4b-binding proteins, all of which possess tan-
demly repeated domains like the CR1 SCRs (7). Although some of the genes that
encode these proteins are located on different chromosomes, CR1 is located in a
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cluster at q3.2 on human chromosome 1 (3) along with C4bp, H, DAF, and CR2
(2-6). Members of this “immediate” family each manifest cofactor and/or decay-
accelerating activity as well as C3b/C4b-binding capacity and include both surface
and secreted proteins (7).

Evidence is accumulating that many of the SCRs in the superfamily are each en-
coded by a single exon (7). We report exceptions to that rule in CR1 (SCR-9 and
SCR-16) and the SCR-9/SCR-16 homology in the CR1-like sequence. Furthermore,
we find that the sequence of a second CR1 cDNA indicates the presence of another
“split” SCR (SCR-20) in CR1 and examination of the CR1-like genomic clone re-
veals split exons encoding the SCR-2 and SCR-6/SCR-13 homologies (unpublished
data). All of these divisions occur at the same position in the consensus sequence.
In addition, murine H and C4bp genes each code an SCR split at the same site
(48, 49). It is likely that all of these split SCRs are related through a common an-
cestor. Another split SCR is seen in the human haptoglobin sequence (50). In that
case the intervening sequence appears to occur at a different position in the con-
sensus sequence and therefore, is likely to have arisen through an independent event.

Two simple models could account for the split SCRs. A primordial exon encoding
an entire SCR was interrupted through transposition by an intervening sequence.
Alternatively, the primordial SCR was encoded by two separate but adjacent exons.
Intron deletion might have led to composite (“unsplit”) SCRs.

It will be of interest to learn whether other members of the C3b/C4b superfamily
carry similarly positioned introns with alternative polyadenylation sites. It has al-
ready been seen in other members of the superfamily (DAF and H) that alternative
RNA splicing can result in a transcript that would encode a second form (51-53).

It has been suggested, based on alternative polyadenylation in the production of
surface and secreted forms of IgM from a single transcriptional unit, that regulated
polyadenylation sites could have been instrumental in the evolution of secreted anti-
bodies from surface receptors (56). It now appears possible that alternative polyade-
nylation could similarly have been instrumental in the evolution of the family of
C3b/C4b binding proteins from a primitive receptor gene to the modern genes that
encode secreted C3b/C4b-binding proteins as well as genes that produce both secreted
and surface forms.

Summary

The human C3b/C4b receptor or complement receptor type one (CR1) is an ~200-
kD single chain membrane glycoprotein of human peripheral blood cells that mediates
the binding, processing, and transport of C3b-bearing immune complexes and regu-
lates the activity of the complement cascade. Analysis of partial cDNA clones has
shown that the COOH terminus is composed predominantly of three tandemly
repeated regions of 450 amino acids each (15). In this report, we present a cDNA
sequence that encodes the NHz terminus of CR1. It appears to have been derived
from an alternatively processed transcript, caused by polyadenylation occurring at
a site within an intron in the CR1 transcriptional unit. The resulting truncated mes-
senger carries an open reading frame that would produce a short, secreted CR1 form.
We present genomic sequences and Northern blots which support this hypothesis
and we propose that the NHo-terminal end of CR1 is a likely location for active
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sites. In addition, we report evidence for a CR1-like sequence in the human genome
and we present a model for the organization of CR1.
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