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SUMMARY: C4b-binding protein (C4bp) is a serum glycoprotein that is one of
the regulators of the complement activation {(RCA) family. This protein is
composed of structurally related 70-kDa (achain) and 45-kDa (£ chain) poly-
peptides. The a chain of C4bp (C4bpa) consists of eight short consensus
repeats (SCR), which constitute the amino-terminal 491 residues. Human Cdbp
is also one of the acute-phase reactants. In order to clarify the genetic
basis of the SCR and to understand the regulatory mechanisms of C4bp
synthesis, we isolated 6 genomic DNA clones covering all of the human Cdbpa
gene. This gene consists of 12 exons and spans about 40 kb. Each of the
SCRs is encoded by a single exon, except for the second SCR (SCR 1I), which
is encoded by two separate exons, demonstrating that human C4bpa has a
split SCR at the genomic level. The 5’ flanking region was sequenced up to
380 bases upstream from the putative transcription initiation site. Several
possible binding sites for transcription factors were identified. © 1991 Academic

Press, Inc.

Human C4b-binding protein (C4bp) is a serum glycoprotein of Mr approxi-
mately 550,000, which regulates the C3-convertase (C4bC2a, EC3.4.21.43) of
the classical pathway of complement (1,2). C4bp is composed of eight
chainsg, seven identical 70-kDa polypeptides (a@chain) and one 45-kDa poly-
peptide (Bchain), that are linked covalently by their C-terminal regions to
give the molecule a spider-like structure (3,4,5). The complement regulatory
functions of C4bp involve the achain, whereas the BSchain appears to be the
binding site for the anticoagulant vitamin K-dependent protein S (4,6). The
achain of C4bp (C4bpa) contains eight internally homologous repeat protein
domains, defined as short consensus repeats (SCRs) (7), which are approxi-
mately 60 amino acids long. These SCRs are also found in other C3b/C4b-
binding proteins including C3b/C4b receptor (CR1), C3dg receptor (CR2),
decay-accelerating factor (DAF), membrane cofactor protein (MCP) and factor
H (8). The genes encoding these six proteins are tightly linked and form a
gene cluster, defined as regulators of the complement activation (RCA) locus,
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which maps to band 932 of chromosome 1 (9). All of these proteins serve to
down-regulate the complement system at the level of C3 convertase. Thus,
the RCA gene family consists of structurally homologous, functionally related,
and genetically linked proteins.

Recently it was reported that a human hepatoma cell line, Hep G2 (10),
was capable of synthesizing C4bp, and that the secretion of C4bp was en-
hanced by interleukin-6 and tumor necrosis factor (11), which are known to
be modulators of acute-phase reactants (12,13). In addition, the plasma
concentration of C4bp was found to be increased in patients with acute
inflammation (11,14), indicating that C4bp is an acute-phase reactant.

A preliminary characterization of the human C4bpagene was recently
presented (15), but details are not clear. In this report, we describe that
the human C4bpa gene has a split SCR at the genomic level and has several

possible regulatory signals in the 5’ promoter region.

MATERIALS AND METHODS

Isolation of genomic clones and DNA sequencing. Human genomic libraries
constructed from peripheral blood lymphocyte DNA (16) were screened by
plague hybridization using a human C4bpacDNA (17) as a probe. The re-
stricted DNA fragments carrying the exons were identified by Southern blot-
ting (18), subcloned into PUC 118 or PUC 118 and segquenced by the dideoxy
chain-termination method (19). The positions of the exons were determined
by comparing our seguence data with the c¢cDNA sequence (17,20).

Primer extension analysis. Poly(A)(PA) enriched (6 ug) or total (TO) RNA
(35 upg) from surgically resected human liver was incubated at 30°C for 12 h
with 200 ng (20 pmol) of the 32P-labeled primer oligodeoxynucleotide in a
solution (20 1) containing 40 mM Pipes (pH 6.4), 0.4 M NaCl and 1 mM EDTA.
As a primer, a 30-mer, 5-TTTTTCTATGAAGAGCCCCAGATGGAGTTT-3’, was used.
The 5’ terminus of the primer was labeled with *P wusing T4 polynucleotide
kinase and [y —-32P]ATP. After incubation, RNA and primer were precipitated
by ethanol and resuspended in a solution (30 xl) containing 50 mM Tris-HCl
(pH 8.3), 50 mM KCl, 8 mM MgCl2, 4 mM dithiothreitol and 30 units of AMV
reverse transcriptase (Life Sciences). The reaction mixture was incubated at
42¢C for 60 min, and then subjected to 8% polyacrylamide gel electrophoresis.
To determine the length of the extension products, a dideoxynucleotide (A, G,
C, T) chain-termination reaction (19) with a known DNA fragment and the
end-labeled pBR322/Hpall fragments (MA) were coordinately run.

RESULTS AND DISCUSSION

Cloning and structural organization of the human C4bpa gene

A human genomic library was screened using the plaque hybridization
technique and a total of 6 overlapping clones were obtained. These clones
were characterized by restriction endonuclease mapping and Southern blot-
ting, using 32P-labeled C4bpacDNA as a probe, and by sequencing of the
fragments carrying the exons. The restriction map and the location of the
exons are shown in Fig. 1. The cloned Cdbpagene consists of 12 exons and
spans about 40 kb, which are consistent with earlier data (15).

Exon-intron boundaries were then determined by comparing genomic se-
quences with C4bpacDNA (17,20). The sequences of exon-intron junctions
and the relation between the exon and the protein domains are shown in
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Fig.l. Restriction map and structural organization of the human C4bpa gene.
The top line denotes the gene from 5' to 3’ (left to right). The positions and
sizes of the exons are drawn approximately to scale; the solid boxes show the
positions of the exons. Abbreviations for exons are 5UT/S: 5 untranslated
region / signal peptide, SCR: short consensus repeat, C/3'UT: carboxy-
terminal domain / 3’ untranslated region.

Table I. All exon-intron junctions conform to the GT/AG sequence rule (21).
The first two exons encode the 5 untranslated region and signal peptide.
The C-terminal 57 amino acids of the protein, which have no similarities to
the SCR (20), and the 3’ untranslated region are encoded by a separate exon.

The SCRs of Cdbpaare each encoded by single exons of approximately
equal size, except for the second SCR (SCR II), which is encoded by two
separate exons 8 kb apart. The split within SCR Il occurs at the codon
position number 34 glycine of the SCR consensus structure after the first
two guanines of the boundary codon, whereas the other SCR splice junctions
occur after the first nucleotide of a codon (Table I).

Split SCRs have also been found in other members of the RCA gene
family, CR1 (22), CR2 (23), DAF (24), MCP (25) and murine factor H (26). The
splits in these SCRs invariably occurs after the second nucleotide of the
consensus number 34 glycine.

These findings suggest that this split SCR occurred very early in the
evolutionary history of these proteins and provide strong evidence that the

Table I. Exon-intron boundaries of the human C4bpagene. Each exon is
shown with the encoded protein domain. Exon sequences are in capital let-
ters; introns are in lower case letters. Abbreviations are as in Fig. 1.

Exon Protein 5’ Intron Exon 3’ Intron Exon
number domain size(bp)

1 5°UT ...AAA G gtecggtgg 265

2 5'UT/S ttcagcag AA AAA.. .CTT G gtgagtag 167

3 SCR 1 gtgtccag GC AAT...ATC T gtaagtat 186

4 SCR TIA tctecccag  AC AAA. . .GAA GG gtgagtst 100

5 SCR 11IB ttattcag A TTT...GAA A gtaagtaa 86

6 SCR 111 tacctcag TT GTC...GAA A gtaagtca 192

7 SCR IV atctttag AA ATC...CCC A gtaagtat 183

8 SCR V atgagtag AT AGT...GAG G gtgagttt 195

9 SCR VI tttttcag CG TTA...GAC A gtaagagt 189

10 SCR VII ccctecaag TT TGC...AAA G gtaactta 171

11 SCR VITI cattacag CT CTG...TGG gtaagtgg 176

12 c/3’uTr tcttttag GAG...TAT end 420
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CCTTGGGGTGGGATAGAGACGAGCTCTGGGCAAGAATATCAGTTTTCAAACTCCAGGAAA

30 GCATACTGGACGTAGTGTCATGGAAAGTGRATCATTTTTGCOGAGGCTCTCTGAACCTCG
CAGTATCCAAGGTTTCCAGGCTAGCTGEACTGTGTCTTGCCATAACCCTTATGTGTTTAT
GAAAAGAAAAAAGAATTCTGGC ACCTTTCCACTTAGGGGAAATGGT

242 TGGCAGAGGAGAAAATAAACCATTGCOACATGTTACCAAGAATGAGGACTAGCAAAGAGG

AAGGAGCTTAGGTAAACAGTIGCTGCTTTATTTCTGCTGTTAATCATTCATTGGGCCCGTC

AAAAGTTTCTGCCCATCTATTTCCATCAACCGTCCTTGACCAGCCAACCACATGGCTGAA

ATTCAGGGACTCTTTGGTGGAGCAATTACCAGTCAACTTCAGGGTATTATGATAAACTCT
Exon1
GATCTGGGGAGGAACCAGGACTACATAGATCAAGGCAGTTTTCTTCTTTGAGAAACTATC

<:::) CCAGATATCATCATAGAGTCTTCTGCTCTTCCTCAACTACCAAAGIGTCGGTGGACTACTA

Fig.2. Primer extension analysis of the human C4bpagene. The ¥P-labeled
primer oligodeoxynucleotide (30-mer) was incubated with Poly(A)(PA) RNA or
total (TO) RNA from surgically resected human liver. After primer extension
by reverse transcriptase, products were separated on an 8% polyacrylamide
gel. As size markers, a dideoxynucleotide (A,G,C,T) chain-termination reaction
(19) with a known DNA fragment and the end-labeled pBR322/Hpall fragments
(MA) were coordinately run.

Fig.3. Nucleotide sequence of the 5' flanking region of the human
C4bpa gene. Nucleotides are numbered from the G of the tentative transcrip-
tion start point. The exons and the putative CAAT-box are bozxed. The
consensus sequence found in various acute-phase reactant genes and those
homologous to the enhancer core sequence are indicated by a wavy line and
horizontal arrows, respectively.

RCA family arose by multiple duplication of an ancestral SCR unit.
Characterization of the 5° end of the C4bpa gene

To determine the 5’ end of C4bpamRNA, a primer extension experiment
was carried out. Poly(A) RNA or total RNA from human liver was hybridized
with the oligodeoxynucleotide primer, the 5’ end of which was labeled with
32p, and subjected to the reverse transcriptase reaction. The products were
then analyzed by polyacrylamide gel electrophoresis. For reference, se-
guence ladders of a known DNA fragment and the end-labeled pBR322/Hpall
fragments were coordinately run. The extended DNA products were 333
nucleotides in length (Fig. 2). This indicates that the transcription start site
of the CAbpagene is located at guanine +1 (Fig. 3).

Usually two consensus sequences are present in the proximal 5’ flanking
region of eukaryotic genes, a TATA-box and a CAAT-box about 20-30 and
about 40-110 bp upstream, respectively, from the cap site of the gene (21).
In the case of the human C4bpagene we did not find these canonical se-
quences, but a CAAT-box equivalent sequence: TCAAAT. It should be noted
that Kunz et al. (27) found a similar sequence (TCAAAA) in the rat a2-

macroglobulin gene.
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As the 5’ flanking region of genes contains regulatory signals, we com-
pared the sequences with known motifs that are binding sites for DNA-
binding proteins, especially hepatic binding factors. Several sequence simi-
larities between the 5’ flanking region and these motifs were identified (Table
I ). Of particular interest was the presence of the hexanucleotide CTGGGA
homology sequence, CTGGGC, 295 bp upstream from the transcription start
point. The sequence CTGGGA has been found in the 5’ promoter region of
several acute-phase protein genes. Fowlkes et al. (28) were the first to
describe this sequence motif in the rat a, Sand 7y fibrinogen genes. Subse-
quently this consensus sequence was discovered in the promoter region of
human C-reactive protein (29,30), murine serum amyloid A (31), rat ai-acid
glycoprotein (32), human transferrin (33), rat a2-macroglobulin (34) and rat
prealbumin (35). Recently, this hexanucleotide was identified as an interleu-
kin-6-responsive cis-acting element in the rat @i-acid glycoprotein gene (36)
and rat a2-macroglobulin gene (37).

The sequence TG(G/A)AC{C/T), corresponding to the nuclear protein LF-
Al (38) binding site, at nucleotide positions -254, -208 and -175 was also
frequently found over the 5’ flanking region of the liver specific acute-phase
reactant gene. Some enhancer-like sequences were found in the sequenced
region. The sequences at -366 to -359 and -241 to -234 resembled the
enhancer core sequence of SV 40 (39), GTGGAAAG.

Functional studies will be required to define the precise role of these
putative binding sites in the regulation of transcription. Comparison of the
5’ flanking region with other acute-phase reactant genes did not show any
significant homology.
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