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Murine protein H is comprised of 20 repeating units, 61 amino acids
in length*

[complement protein H/full-length cDNA (sequence)/internal repeats/gene duplications]
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Communicated by Frank W. Putnam, January 2, 1986

ABSTRACT A cDNA library constructed from size-se-
lected (>28 S) poly(A)+ RNA isolated from the livers of
C57B10.WR mice was screened by using a 249-base-pair (bp)
cDNA fragment encoding 83 amino acid residues of human
protein H as a probe. Of 120,000 transformants screened, 30
hybridized with this cDNA probe. Ten positives were colony-
purified, and the largest plasmid cDNA insert, MH8 (4.4 kb),
was sequenced by the dideoxy chain termination method. MH8
contained the complete coding sequence for the precursor of
murine complement protein factor H (3702 bp), 100 bp of
5'-untranslated sequence, 448 bp of 3'-untranslated sequence,
and a polyadenylylated tail of undetermined length. Murine
pre-protein H was deduced to consist ofan 18-amino acid signal
peptide and 1216 residues of H-protein sequence. Murine H
was composed of 20 repetitive units, each about 61 amino acid
residues in length. Similar repetitive units are present in the
C4b binding protein, the C3b-receptor (CR1), complement
factor B and C2, and in .2-glycoprotein I and the interleukin
2 receptor. This finding suggests a common evolutionary origin
for regions of these proteins.

Murine complement protein H, a plasma glycoprotein of
p-mobility, is a cofactor for cleavage of fluid-phase C3b by
the serine protease I (1-3); C3b is the major activation
product of the third component of complement, C3. Protein
H has also been studied in rabbits (4, 5) and humans (6-17)
and is most fully characterized as a regulatory component of
the alternative complement pathway in the latter species.
Irrespective of the species of origin, protein H has been
reported to have a Mr of 150,000-160,000 and a carbohydrate
content between 4% and 18% by weight and to function as a
cofactor for the conversion of C3b to iC3b by serine protease
I. Protein H also has been shown to accelerate the dissocia-
tion of the Bb fragment of complement factor B from the
alternative pathway C3 (C3bBb) and C5 (C3b2Bb) conver-
tases.
Two other proteins acting as cofactors for serine protease

I-mediated cleavage of C4b (the major activation product of
the fourth component of complement C4) and/or C3b have
been described in humans and mice. One of these is the
plasma protein C4b-binding protein (C4BP) that serves as a
cofactor for conversion of C4b to iC4b (18-22), and the other
is the C3b receptor (CR1 for complement receptor type 1).
CR1 is an integral membrane glycoprotein of Mr
160,000-250,000 that acts as a cofactor for inactivation of
both C4b and C3b by serine protease I (23-27).

Genetic studies have shown three codominant alleles for
protein H in humans (28) and two in mice (3). In humans the
loci for protein H, C4BP, and CR1 are closely linked (29).
This may also be the case for the corresponding proteins in
the mouse. We have shown that the structural gene for

protein H is located on chromosome 1 in the mouse (P.
D'Eustachio, T.K., R. A. Wetsel, R. Riblett, B. Taylor, and
B.F.T., unpublished work). In humans, the CR1 structural
gene has been mapped to the q region of chromosome 1 (31)
for which there is an analogous region on chromosome 1 in
the mouse (32).
We report here the complete coding sequence and deduced

protein sequence for murine pre-protein H. These studies
have indicated that protein H is composed of 20 repeating
units, each about 61 amino acids in length. A repetitive unit
of this nature has been previously observed in the Ba
fragment of factor B (33, 34) and the C2b fragment of
complement component C2 (35)-amino-terminal fragments
produced upon cleavage of B and C2 by protein D and C1,
respectively-and in C4BP (22), CR1 (31), P32-glycoprotein I
(P2-gpl) (36), and the interleukin 2 receptor (37, 38).

MATERIALS AND METHODS
A 249-base-pair (bp) Sau3A1 cDNA fragment encoding 83
amino acid residues of human protein H (39) was used as a
probe in all hybridization experiments. For each hybridiza-
tion, 1 ,ug of the cDNA probe was 32P-labeled by nick-
translation (40) using a commercially available nick-trans-
lation kit obtained from Bethesda Research Laboratories and
a-32P-labeled deoxycytidine and deoxyguanosine triphos-
phates from Amersham.
A cDNA library constructed by the procedures of

Okayama and Berg (41, 42) from size-selected (>28 S) and
methylmercury(II) hydroxide-denatured poly(A)+ RNA iso-
lated from the livers of C57B10.WR mice (43) was kindly
made available to us by R. T. Ogata (Research Institute of
Scripps Clinic). High-density screening of the cDNA library
was performed on blotted duplicate nitrocellulose filters (44)
as described (39, 45). Hybridizing colonies were removed
with a toothpick and rescreened at a density of 200-300
colonies per filter. Single colonies were isolated and analyzed
with the restriction enzymes Hpa I, Xho I, and BamHI
obtained from Boehringer Mannheim. Plasmids estimated to
contain full-length or nearly full-length inserts were isolated
by standard techniques (46). All inserts were excised in one
piece by Hpa I (0.3 units/,ug ofDNA) and isolated from 0.9%
agarose gels followed by extractions with phenol/chloroform
and precipitation with ethanol.
cDNA sequences were determined by using the "shotgun"

DNA sequencing strategy in M13 mp8 (47). Sonicated
subfragments were produced from self-ligated cDNA inserts,
inserted into the Sma I site of M13 and sequenced at random
by the dideoxynucleotide technique (48) using a-[35S]thio-

Abbreviations: bp, base pair(s); kb, kilobase(s); C4BP, C4b binding
protein; 032-gpl, f32-glycoprotein I; CR1, complement receptor type I
(C3b receptor).
*Part of this work was presented at the Eleventh International
Complement Workshop, November 3-5, 1985, in Key Biscayne,
FL.
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S A R I I W L I L W T V C A A E D C K G P I P R E N S E I L S G S I S E 0 .22
TCAGCAAGAATTATTTGGC TTATATTATGGACTGTTTGTGCAGCAGAAGATTTGAAAGGTCCTCCTCCAAGAGAAAATTCAGAAATTCTCTCAGGCTCOTGGTCAGAACAA 220

Y f E 0 T 0 A T Y K C K F G Y R T L G T I V K V C K N G K W V A S N P S 59
C TATATCCAGAAGGCACCCAGGCTrACCrACAAATGCCGcCCCrGGA TACCGAACACTrTGGCACrArTrGrAAAAGTrATGCAAGAATGGA^AAAGGGTGOCOTC TAACCCA TCC 331
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AGGArAT GrCGGAAAAAGCCTrTG TGGGCA TCCCGGAGACACACCCTT T GGGTCC rTTTAGOC TGOCAGTrGGATCTCAATTrTGAGrTrrGTrOCAAAGGTTrGrTTT ArCC TGT 442
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GATGATGGGTATCAACTATTAGGTGAAATTGAT TACCGTGAATOTOGGGCAGATGGCTGGATCAATGATATTCCACTATGTOAAGTTGTGAAGOTGCTACCTGTGACAGAA 553

L E N G K I V S G A A E T D 0 E Y Y F G 0 V V R F E C N S G F K I E G H K 170
CT CGGAATGGAAG6AATGTGAGTGGTGCAGCAGAAAcAGAccAGGAArAcrATTTTGGACAGGTO6T6COGTTTGAATGCAArTCAGGCTTCAA4ATT6AAGGACATAAG"4

E I H C S E N 0 L W 'S N E K P R C V E I L C T P P R V E N 0 t G I N V K P 207
GAAATTCATTGCTCA6AAAATGOCCTT TOGAGCAATOAAAAGCCACGATGTGTGGAAATTCTCTGCACACCACCGCGAGTGOAAAAT6AOATOGGTATAAATGTGAAACCA 775
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GAAGAAAA AGATGC TCACC TCCTTrtAT TTC TAAATGGT Arc T~ACACAECTCATCAGGA TA TACACAGAAGT GATGATGAAATCAGATA-TGAATGTAAT TATGGC TTCTA T W9
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T ATrGAAGAGAGCC TGAGAC CC~AACTrTCCCAGT ATCT A TAGGAAA TAA^G TCAGCTATAAGTG TGACAACOGG-T-TCACCACC TTC tGGGTAT TCC TGGGAC TACC TTCGT 1219

C T A 01 W E F E V P C V R K C v F H Y V E N Wt s A Y W E K V Y V O G 0 392
TGCACAGCACAAGGGTGGGAGCC TGAAGTCCCATGCGTCAGGAAATGOTT TTTCCATTATGTGGAGAATOGAGACTCTGCATACTGGGAAAAGATATATGtGCAGGGTCAG 1330

S L K V 0 C Y N G Y S L 0 N G 0 1[ T M T C T E N 0 W I P P P K C I k I K T 429
c T T TAAAGTCCAGTGTTACAATGGCTArAGTCTTCAAAATGGTCAAGACACAATGACA1GACAGAGAATGGCTGGTCCCC4TCCT4CC1AAGCATCCGTATCAAGACA1441

C S A S tl I H I D' N G F L S E S S S I Y A L N R E T S Y R C K 0 G Y V T N 4"
T GrTCAGCATCAGATATACACAV TLACAATGGATTTCTTTCTGAATCTTCTTCTATATATGCTCTAAATAGAGAAACATCCTATAGATGTAAGCAGGGATATGTGACAAAT 1552

T G E I S b S I T C L O N G W S P 0 f S C I K S C M .f V f_ E J S I T K N 503
ICTGGAGAAATATCAGGATCAATAACTTGCCT TCAAAATGGATGGTCACCTCAACCC TCATGCAT TAAGCTTGOTGAtATGCCTGTATTTGAGAATTCTATAACTAAGAAT 163

1 R V W F N L N 11 K L D Y E C L V G F E N E Y K H T K G s I T C T Y Y G W 540
ACTAGGACATGGT TTAAGCTCAATGACAAATTAGACTATGAATGTCTCGTTGGATTTGAAAATGAATATAAACATACCAAAGGCTCTATAACATGTACTTATTATGGATGG 1774

S 1S T P 5 C Y f K E C S V F 1 L It R K L V V S P R K E K Y k V G D L L E F 577
TCTGATACACCCTCATGTTATGAAAGAGAA TGCAGTGTTCCCACTCTAGACCGAAAACTAGTCGTTTCCCCCAGAAAAGAAAAATACAGAGTTGGAGATTGTOTGGAATTC 1"5

S C H S G H R V G P 11 S V 0 C Y H F 0 S F' 0 F P T C K G 0 V A S C A P P 614
TCCTGCCATTCAGGACACAGAG T9GGCCAGATTCAGTGCAArGCTACCACrTTGGATGGTCTCCTGGTTTCCC6TACAGTAAAGGTCAAGTAGCATCATTGCACCACC19
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CAAGTGATTGAAACCACCGTGAAATACT TGGATGGAGAAAAATTATCTGTTCTTTGCCAAGACAATTACCTAACTCAGGACTCAGAAGAAATGGTGTGCAAAGATGGAAGG 2662
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U R H V E K I Y S H S G E D I E F G C K Y 0 Y Y K A R D S P P F k t K C I 1206
TOGAGACACACTGAAAAGATTTATTCCCATTCAGGGGAGOATATTGAAT TTGOATGTAAATATOGATATTATAAAGCAAAGGATTCACCGCCATTTCGTACAAAGTGCATT 3772

N G T I N V P T C V * 1216
AATGGCACCAT CAAT TA TCCCACTTT TGrlrAATrCATAA TACA TTTATTAGT TGT T T TATTOtTTTAF^GAGOCACATGCATOACTAATATACT TTCAT T TCAT T 3003

GAAGTATTGTTTAACTCATGTCT TCTCATAAATATAAACATTTTTGTTATATBBTBATTAACTTGTAACTTTAAAACTATTGCCAAAATGCAAAAGCAGTAATTCAAAAC 3994

rCC TAATCrAAAArATGArA TGTCCAAGGACAAACrATrTCAATCA^A^GA GGrATTA TCTTCACATCTGT T TC T A TTCAGAACTT TrCTCAGAT TT4TCCTGGATA4105

CCTTTGATAGTAAGGTCCTGATTTACAGTGGATAAAGGATATAT TGACTGATTCTTCAAATTAATATGATTTCCCAAAGCATOTAACAACCAAACTATCATATATTATATG 4216

ACTAAT0ATAC AT TACTATATAATACT TrCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 4311

FIG. 1. (Legend appears at the bottom of the opposite page.)
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FIG. 2. Alignment of 20 regions of internal homology in the derived amino acid sequence of murine protein H. The single-letter amino acid
code is used. Identical and similar residues (E=D, S=T, Q=N, F=Y, K=R=H) are boxed. The division into repetitive regions was done as
described for the Ba fragment of factor B (57), where each region is encoded by a separate exon. Each line represents a repetitive unit.

labeled deoxyadenosine 5'-[thio]triphosphate (Amersham)
and gradient gels (47, 49).
Sequence results were compiled and aligned by the

DBAUTO and DBUTIL programs (50, 51). Sequence com-
parison analyses were performed with the graphics program
DIAGON (52), the BESTFIT program of the University of
Wisconsin Genetics Computer Group (Madison, WI), and by
screening the National Biomedical Research Foundation
(Georgetown University) protein sequence library.

RESULTS AND DISCUSSION

Isolation and Sequence Analysis of Murine Protein H cDNA
Clones. A mouse liver cDNA library (120,000 transformants)
was screened with a 249-bp 32P-labeled cDNA probe encod-
ing human protein H (39). Thirty hybridizing colonies were
found. Ten of these were rescreened at lower density and
purified. Initially, one of the largest candidate protein H
cDNA clones [MH4, estimated to be about 4.0 kilobases (kb)]
was fully sequenced. MH4 was confirmed as coding for
murine protein H based on a derived protein sequence that
exhibited strong homology (63% identically placed residues)
with that of a previously characterized human protein H
cDNA clone (39).
The amino acid sequence deduced from the 5' coding

sequence of MH4 did not exhibit, however, the expected
homology with the previously determined amino-terminal
sequence of human protein H (39). On reexamination of the
above isolated clones, MH8 (4.5 kb) was estimated to be
about 500 bp longer at its 5' end and therefore likely to contain
the coding sequence for the entire estimated pre-protein H
molecule of 4.4 kb. The complete sequence for murine
pre-protein H (Fig. 1) was deduced from sequence analysis of

MH4 and MH8. The 5' end of MH8 was excised with Xho I
at position 554 (Fig. 1). This fragment, which overlapped the
5' sequence of MH4, was sequenced to the poly(G) tail,
thereby extending the protein H cDNA sequence by 201 bp.
A 48-bp intron sequence (data not shown) was present in
MH4 at position 3424 (Fig. 1). It contained a stop codon
within an otherwise open reading frame. This intron was
proven to be absent in MH8 by sequencing a 239-bp Rsa I
fragment spanning positions 3333-3571 (see Fig. 1). Se-
quence analysis of random Rsa I fragments covering most of
the MH8 structure confirmed the identity between MH8 and
MH4. Thus, a contiguous sequence of 4252 bp was generated
from sequence analysis of MH4 and MH8 cDNAs coding for
murine protein H (Fig. 1). This sequence included 100 bp of
the 5' untranslated region followed by 54 bp of coding
sequence for an 18-amino-acid-long potential signal peptide
sequence of hydrophobic character (54, 55). Downstream of
the putative signal peptide sequence were 3648 bp of coding
sequence for 1216 amino acids of protein H followed by a
stopcodon (TAA), 448 bp of 3' untranslated region, and a

polyadenylylated tail. The putative polyadenylylation recog-
nition signal was A-A-T-T-A-A located 18 bp upstream from
the polyadenylylated tail.
Based on the general sequence Asn-Xaa-Ser/Thr, there are

eight potential sites for asparagine-linked carbohydrate
chains (indicated by asterisks in Fig. 1). Due to the presence
of a proline residue at position 58, the asparagine at position
57 is unlikely to be N-glycosylated (53).
Murine protein H has a high content of cysteine (81

residues; 6.7 mol %) and of proline (97 residues; 8.0 mol %),
which has also been observed for rabbit and human proteins
H (4, 13). CD spectral studies of human protein H have

FIG. 1 (on opposite page). Nucleotide coding sequence of murine protein H cDNA and derived amino acid sequence. The single-letter amino
acid code is used. Potential glycosylation sites at asparagine residues are indicated by asterisks. The asterisk above position 57 is in parentheses,
as this asparagine residue is not likely to be glycosylated because of the presence of proline in position 58 (ref. 53). The amino-terminal sequence
(positions 1-33) and tryptic peptide sequences (positions 490-500, 626-643, 648-706, 837-864, 894-906, 907-945, 946-959, 1150-1158, and
1159-1169) of human protein H and deduced amino acid sequence of a partial human protein H cDNA (positions 208-431) are indicated by
arrowheads (4 = start and P = stop, except for the amino terminus). Identically placed residues between human and murine protein H amino
acid sequences are underlined.
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indicated a very unusual conformation dependent on intact
disulfide bonds and the absence of a-helical and P-sheet
structures (17). It has been proposed that human protein H is
an elongated molecule because of its high frictional coeffi-
cient and elution as a Mr 300,000 protein on gel filtration (7,
13). EM studies have indicated that human protein H has both
a globular and an elongated rod-shaped domain (56). Such
studies have not been performed on murine protein H;
however, the high degree of sequence homology (63%)
between known murine and human protein H sequences
suggests that their higher-ordered structures will be similar.

Presence of a Repeating Unit Within the Deduced Protein H
Sequence. Examination ofthe derived amino acid sequence of
protein H revealed the presence of 20 regions that exhibited
internal homology (Fig. 2). Each region was about 61 amino
acids long. While significant sequence variability was appar-
ent between the repeating units of protein H, the following
amino acid residues were conserved (boxed in Fig. 2): 4
cysteines, 5 glycines, 3 tyrosines/phenylalanines, 2 prolines,
3 isoleucines/leucines/valines, 1 tryptophan, 1 asparagine, 1
serine/threonine, and 1 glutamic acid/aspartic acid. The
amino-terminal ends of several of the repetitive units were
also observed to be rich in proline.
Homology of the Protein H Repeating Unit with Other

Protein Sequences. Similar regions of internal homology are
present in the human complement proteins C4BP (22), CR1
(31), B (33, 34), and C2 (35), in human /32-gpI (36), and in
human and mouse interleukin 2 receptors (37, 38). C4BP, a
regulatory protein of the classical-pathway C3 convertase
(18-21), contains eight of these 61-amino-acid-long repeats
and a carboxyl-terminal nonhomologous region (22). The
homology between the repetitive regions of murine protein H
and those ofhuman C4BP is illustrated by DIAGON analysis
in Fig. 3 Top. CR1, which functions as a control protein for
both the classical- and the alternative-pathway C3 convert-
ases (C4b2a and C3bBb, respectively) in a manner similar to
protein H and C4BP, has recently been partially sequenced
(31). This protein may be composed of 30 repetitive regions,
10 of which have been sequenced and shown to be homolo-
gous with those of murine protein H (data not shown). The
loci for protein H, C4BP, and CR1 are linked in humans (29).
The locus for the structural CR1 gene has been mapped to a
single site on the long arm of chromosome 1 in humans (31).
Recently, we have assigned the murine protein H locus (Cffi)
to chromosome 1 (30). The CQn locus is either identical with
or adjacent to the previously described Sas-J locus. Because
of the location of the murine CR1 structural gene on chro-
mosome 1 (John Weis, personal communication), the close
linkage of genes for protein H, C4BP, and CR1 in humans
(29), and the fact that the q region ofchromosome 1 in humans
is analogous to the same region in mice (32), it is likely that
the murine C4BP gene will also be located on this chromo-
some. Thus, three structurally, as well as functionally,
similar glycoproteins may have originated from a common
ancestral gene coding for a 61-amino acid polypeptide by
multiple gene duplications.
Three of the same repetitive regions are also found in the

amino-terminal fragments of B (33, 34) and C2 (35)-i.e., the
Ba and C2b fragments, respectively. B and C2 are also
examples of C3b and C4b binding proteins, respectively,
which contribute catalytic domains to the C3 and C5
convertases (58). A DIAGON analysis of murine protein H
with factor B is shown in Fig. 3 Middle. Each of the three
repeating elements of Ba has been shown to be encoded by
separate exons (34, 57). In Fig. 3 Bottom is shown a
comparison of murine protein H with human f32-gpl, a protein
of plasma origin previously shown to contain four repeating
units. The function of /32-gpI is unknown; however, its
association with platelets and lipoprotein has been recog-
nized. Two regions of the murine and the human interleukin

Proc. Natl. Acad. Sci. USA 83 (1986)

2 receptor are homologous to murine protein H (data not
shown) (37, 38). More recently, the human gene structure for
the interleukin 2 receptor has been reported, and limited
homology with the Ba fragment of factor B has been noted
(38). Specifically, sequences that are homologous with the
repeating units of fragment Ba and protein H are encoded by
exons 2 and 4 in humans as well as in mice. Deletion of exon
4 resulted in a dysfunctional molecule.
The significance of the repetitive regions in the above

proteins is unknown at the present time. While each of these
complement family members uniquely interact with C3b
and/or C4b, no specific binding sequence has been identified.
Further studies will be required to determine whether one or
possibly several of these units constitute a binding domain. In
human protein H, theC3b binding site has been determined
to reside in the amino-terminal Mr 38,000 tryptic fragment
corresponding to repeating units I through V in the mouse
protein H sequence (16).
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FIG. 3. DIAGON diagrams of the derived amino acid sequence
for murine protein H versus C4BP (22) (Top), factor B (33, 34)
(Middle), and 32-gpI (36) (Bottom). The regions of homology are
indicated by roman numerals, and their boundaries in the murine
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is done as explained in the legend to Fig. 2.
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