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It has been demonstrated previously that plasma from a number
of vertebrate species including the phylogenetically old barred
sand bass possesses molecules that cleave the a'-chain of the
activated third (C3b) and fourth (C4b) components of the
human complement system. A specific protease and a cofactor
protein were identified to be responsible for this cleavage. The
cofactor activity in sand bass correlated with a 110 kDa poly-
peptide chain of a 360 kDa plasma protein. The evolutionary
conservation was probed at the cDNA level and subsequently a
cDNA clone of barred sand bass was isolated that represents a
protein with structural similarity to mammalian complement-
regulatory proteins. The cDNA (SB 1) was identified by immuno-
screening of a sand bass liver expression library using affinity-
purified IgG antibodies raised against the isolated 110 kDa
material. The cDNA is 3397 bp in size and the open reading

INTRODUCTION

C4b-binding protein (C4bp) [1,2] and factor H [3,4] are

complement-regulatory proteins of human serum and that of
other mammals. They modulate the activation and function of
the C3-converting enzymes of both the classical (C4b2a) and
alternative (C3bBb) pathways. C4bp binds to C4b thereby
blocking its association with C2 or displacing C2a from the
C4b2a complex [5-7]. Similarly, factor H prevents binding of
factor B to C3b and dissociates Bb from the C3bBb complex
[4,8]. In addition, both C4bp and factor H function as cofactors
for the serum protease C3b/C4b inactivator (factor 1), thereby
mediating the proteolytic degradation of C3b and C4b and the
formation of haemolytically inactive C3bi and C4bi respectively.
Human [9] and mouse [10,1 1] factor H have been shown to be

glycoproteins composed of a 150 kDa polypeptide chain. Human
factor H is an elongated molecule, as shown by its high frictional
ratio [9]. A similar high frictional ratio has been determined for
human C4bp [12]. C4bp is composed of seven identical 75 kDa
subunits (a-chains) and one 45 kDa fl-chain which are linked by
disulphide bonds. The a-chain is the site of attachment of protein
S of the coagulation system [13,14]. Murine [15] and guinea-pig
[16] C4bps are also composed of multiple subunits which,
however, are linked by non-covalent forces.

Analysis of the primary structure of factor H [17] and the a-
chains ofC4bp [14,18] has shown that these polypeptides contain

frame represents a protein of 1053 amino acid residues with a
hydrophobic signal peptide indicative of a secreted protein. The
calculated mass of the mature protein (SBP1) is 115.2 kDa which
is in good agreement with the molecular mass of 110 kDa
determined for the sand bass serum protein. Similarly to mam-
malian complement-regulatory proteins, the protein deduced
from the sand bass cDNA is organized into short consensus
repeats (SCR). It consists of 17 SCRs, of which SCRs 2, 12 and
16 exhibit significant homology to SCRs 2, 15 and 19 of human
factor H, and SCRs 11, 12 and 13 have homology to SCRs 1, 2
and 3 of human C4b-binding protein. For the first time a
complete cDNA representing a putative complement-regulatory
protein which is structurally related to mammalian complement
proteins has been isolated from a bony fish.

tandem repetitive elements of approximately 60 amino acid
residues, termed short consensus repeats (SCRs). Characteristic
of the SCRs is the presence of four conserved cysteine residues,
which are linked to each other by disulphide bonds. Highly
conserved within SCRs are certain proline, tryptophan, tyrosine/
phenylalanine and glycine residues [19]. SCRs are found in other
plasma and cell-membrane proteins with very diverse functions
[20] suggesting that their corresponding genes may have evolved
early in evolution from an ancestral SCR sequence [21,22].
The proteins of the complement system are phylogenetically

old. Invertebrates possess a 'cytolytic system' that can be
activated by cobra venom factor [23] and a protein homologous
to C3 of mammalian complement has been isolated from plasma
of primitive vertebrates [24-29]. We have previously shown that
plasma and serum of species that preceded humans in evolution
by 300 million years possess a proteolytic activity for C4b and
C3b of human origin that is capable of generating fragments
comparable with those obtained with the human regulatory
proteins, factors 1, H and C4bp [30,31]. We have investigated the
molecular basis of this phenomenon using barred sand bass
plasma. After separation of the plasma proteins by molecular-
sieve chromatography, C4b and C3b cleavage was obtained only
when two fractions of different molecular size were combined.
One fraction contained 360 kDa proteins and displayed cofactor
activity, whereas the other contained a 155 kDa protein which
was functionally similar to human factor I. The high-molecular-

Abbreviations used: SCR, short consensus repeat; C4bp, C4b-binding protein; 1 xSET, 100mM NaCI+20 mM EDTA+50 mM Tris/HCI, pH 8.0,
+0.01 % SDS.

11 To whom correspondence should be addressed.
The nucleotide sequence reported in this paper will appear in the EMBL/GenBank/DDBJ Nucleotide Sequence Databases under the accession

number L21703.
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mass material was purified further and found to consist of two
identical polypeptide chains of approximately 110 kDa and a
42 kDa chain which was antigenically distinct. The functional
activity of the molecule resides in the 110 kDa chains [31]. On the
basis of the functional data and amino acid analysis it was
concluded that the 360 kDa protein isolated from sand bass
plasma may have structural similarities to either C4bp or factor
H or both.

In this paper we describe the structure of a cDNA clone, which
was identified using an affinity-purified IgG antibody raised
against the 110 kDa polypeptide chain of the purified sand bass
cofactor protein. The cDNA sequence revealed that the encoded
protein, SBP1, is composed of 17 SCRs. Individual SCRs display
amino acid sequence homology to human and mouse factor H
and to a lesser degree to human C4bp.

MATERIALS AND METHODS
Preparation of DNA and RNA
Parablax neblifer (class: Osteichthyes; order: Perciformis; com-
mon name: barred sand bass) were captured in the Pacific ocean
and immediately frozen. The liver was isolated and homogenized
in 4 M guanidine thiocyanate. DNA and RNA were isolated by
CsCl-gradient centrifugation as described [32]. mRNA was
purified using oligo(dT) coupled to magnetic beads as described
by the manufacturer (Dynal, Hamburg, Germany).

Construction of cDNA libraries
Synthesis of two oligo(dT)-primed sand bass liver cDNA ex-
pression libraries was performed according to the manufacturer's
protocol using Agtl 1 (Promega) and AZAP (Stratagene, La Jolla,
CA, U.S.A.) bacteriophage DNA as vectors.

cDNA screening
Affinity-purified rabbit IgG antibody raised against the 110 kDa
chain of the sand bass cofactor protein isolated from plasma [31]
was used to screen the Agtl 1 cDNA library. The isolated cDNA
fragment (cl) was used for screening, and a 5' probe of the
isolated fragment (c90) for a second screen to yield fragment
c120.

Sequence analysis of the cDNA clones
The purified cDNA inserts and the primer-extension products
were sequenced by the dideoxy chain-termination method [33],
using [a-[35S]thio]dATP and Sequenase 11 (U.S. Biochemical
Corp.). Various oligonucleotides were synthesized (gene
assembler-1; Pharmacia) and used as primers to sequence the
cDNA inserts in both orientations.

Elmer/Cetus), oligo(dT) and the extension primer [34]. After 30
cycles of amplification (Perkin-Elmer/Cetus thermocycler: 40 s
at 95 °C, 1 min at 50 °C, 1 min at 72 °C), the amplified product
was cloned into the pCRII vector (Invitrogen).

Northern-blot analysis
Total sand bass RNA (10,ag) was separated by electrophoresis in
a formaldehyde/agarose gel and subsequently transferred to a
nitrocellulose membrane (Schleicher und Schiill) [35].

Southern-blot analysis
Genomic DNA was prepared from sand bass liver DNA; for
analysis 10,ug was digested to completion with the restriction
enzyme EcoRl or Hindlll. The fragments were separated by
electrophoresis in a 1 °0 agarose gel and transferred to a
nitrocellulose membrane [35].

Labelling and hybridization
For the isolation of full-length cDNA clones, three cDNA
fragments were used: P1 is 916 bp long (position 2172-3088),
and P2 and P3 represent 142 bp (position 166-308) and 495 bp
(position 1012-1507) respectively. Two different probes were
labelled and used for Southern-blot analysis: fragment P5
represents the 5' end (position 166-1023) and P6 the 3' end
(position 1023-3088) of the complete cDNA termed SBl. For
Northern-blot analysis three different probes were used: P1, P3
and P4. The last one is a fragment representing the 5' end of a
unique cDNA clone, clone 29. The nucleotide sequence of this
clone (2.1 kb) differed from the sequence of SB 1 cDNA at the 5'
end, but was identical with approximately 300 bp at the distal 3'
end. The various cDNA fragments were excised, separated on
low-melting-point agarose gels and labelled using the multiprime
labelling system (Promega). Hybridization was performed at
50 °C (4 x SET, 10 x Denhardt's, 0.1 00 sodium pyrophosphate,
0.1 0o SDS, 50 /ig/ml salmon sperm DNA) for 14 h. The filters
were washed at 52 °C in 1 x SET (100 mM NaCl, 20 mM EDTA,
50 mM Tris/HCl, pH 8.0, 0.01 Qo SDS) for 2 h, and were exposed
at -70 °C using intensifying screens (Quanta Ill, Dupont-New
England Nuclear).
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Primer extension and PCR ampliffication
An oligonucleotide complementary to nucleotides 340-358 of the
full-length sequence was used as a primer for the reverse

transcription of sand bass liver mRNA using Superscript reverse

transcriptase (BRL). The cDNA was then adenylated at the 3'
end using a poly(A) tailing kit (Boehringer), and the resulting
fragment was amplified by PCR, using Taq polymerase (Perkin-

l-l
500 bp

Figure 1 Isolation of the barred sand bass cDNA (SB1)
Clone 1 (cl) was isolated using an affinity-purified antibody against the 1 10 kDa chain of barred
sand bass cofactor protein. cDNA probes Pl, P2 and P3 were used for the isolation of additional
cDNA clones (c90 and cl 20). Fragments used for Northern- (P1, P3) and Southern- (P5, P6)
blot and primer-extension (PE) analysis are also indicated.



Short-consensus-repeat-containing molecule of barred sand bass

1 tctgagtctataatagagtttcagtctctaggtttctacttctgtttqgcggttcagggt
M D V I A R S C V L F L W L Q . 16

61 aatgaagaaaaa ATGACGTCATAGCTCGAAGCTGTGTCCTATTTTTGTGGCTGCAAACA
L T S V K S 0 V P C T I, Q Q F I D G E H 36

121 TTGACCTCTGTGAAAAGTCAGGTACCCTGTACACTTCAACAGTTTATTGATGGGGAACAT
Y D S N F D T T G M E A S Y P G G R Q V 56

181 TATGATTCAAATTTTGACACAACTGGCATGGAAGCCAGCTACCCTGGTGGAAGACAAGTG
R V G C N V G Y S G F F K L V C V E G K 76

241 AGAGTGGGCTGCAATGTTGGCTACAGTGGCTTTTTTAAGCTGGTCTGTGTCGAGGGAAAA
W E T R G A K C Q P R S C G H P G D A Q 96

301 TGGGAGACTCGAGGCGCTAAATGTCAACCGAGATCATGTGGTCATCCTGGTGATGCCCAG
F A D F H L A E G N D F V F G S K V V Y 116

361 TTTGCAGATTTTCACCTGGCAGAAGGGAATGATTTTGTCTTTGGATCAAAAGTTGTGTAC
T C Q K G Y Q M V S R I N Y R R C V A E 136

421 ACTTGCCAAAAAGGTTATCAAATGGTCAGTCGCATAAACTACCGGCGTTGCGTGGCTGAA
G W D G V V P V C E S Q Q C P L I H V D 156

481 GGCTGGGATGGTGTGGTTCCTGTTTGTGAATCCCAACAGTGCCCATTGATTCATGTGGAC
N N V Q V I G G P E E A T F G N V V R F 176

541 AATAATGTGCAGGTGATTGGGGGCCCAGAGGAAGCAACCTTTGGCAATGTAGTTCGATTC
S C K S R S E I L D G S P E L Y C D E R 196

601 AGCTGCAAGTCCAGMGTGAAATCCTGGATGGGTCACCAGAGCTGTATTGTGATGAACGT
G D W S G P V P K C K A T T C A P P I 216

661 GGAGATTGGAGTGGCCCAGTTCCAAAATGCAAAGCTATMACATGTGCCATACCTCCCATT
E N G N V P G A I R E Y K E N D V L H Y 236

721 GAAAATGGTAATGTTCCTGGCGCTATCCGAGAATACAAAGAAATATGTGCTGCACTAT
E C D R A F K H I D R P S T C I K Q G I 256

781 GAGTGTGATCGAGCATTTAAACACATAGACAGACCTTCAACATGCATTAAACAAGGAATA
K A E W S P T P L C E S I K C R L T I M 276

841 AAAGCAGAGTGGAGCCCGACTCCTCTGTGTGAATCAATAAAATGCAGACTGACTATAATG
D G T R Y E P A Y R N L F S P G E T L K 296

901 GATGGAACCCGGTACGAACCTGCTTATAGAAATTTGTTTTCACCTGGTGAAACACTGAAA
V I C A R T S W I S T P Q E T S V V T T 316

961 GTCATTTGTGCACGCACATCCTGGATTTCTACCCCTCAGGAAACCTCCGTAGTAACAACA
C Q D N G E W S I R P T C Q E V R C S N 336

1021 TGCCAAGACAATGGAGAGTGGTCCATCAGACCGACATGCCAAGAGGTGAGATGCAGCAAT
R R P E H V D S W D V R S W E R Y T L D 356

1381 CG3AAGACCAGAACATGTGGATTCCTGGGATGTGAGATCTTGGGAACCATACACATTGGAT
D N T R Y W C K R G Y R T G G V T W A 376

1141 GACAATACAAGATATTGGTGTAAGAGAGGCTACAAGAGGACAGGT.GGTGTCACCTGGGCC
T C G R N G W M P N P 1. r E V K T C S K 396

1201 ACATGCGGCAGAAATGGGTGGATGCCAAATCCACT7TGTGAAGTAAAAACATGCAGCAAA
E N I Q D A V I V G T D K Q I Y N L N Q 416

1261 GAGAATATCCAGGATGCAGTTATTGTTGGCACTGACMGCAGATATACMCT TAAATCAA
K A I Y A C G E G N R G R I T L T C G E 436

1321 AAAGCCATTTATGCCTGCGGTGAAGGTAATCGGGGAAGAATTACTCTAACCTGTGGAGAA
N G W S G D R K C T V K P C P L P P K D 456

1381 AATGGTTGGTCCGGGGATAGAAAATGTACAGTTAAACCATGTCCACTTCCACCTAAAGAT
P N G F F R G P Y T G R V L Y Y T C K D 476

1441 CCCAATGGATTTTTTCGTGGTCCATACACTGGCAGAGTACTGTACTACACCTGCAAAGAC
G Y K L F T E G W W A E A K C V D G V W 496

1501 GGTTATAACCTTTTCACTGAAGGCTGGTGGGCTGAGGCCAAATGTGTCGATGGCGTGTGG
P E L T T C I S N T T C G K F P E I P N 516

1561 CCTGAACTGACAACATGCATCAGTAATACAACGTGTGGTAAATTTCCTGAGATTCCTAAT

A E V I R R Y P E V Q T V Q V I c N Q G 536
1621 GCGGAAGTGATACGTAGATATCCAGAGGTCCAGACGGTCCAGGTTATATGTAATCAAGGA

YS T Q A N S F S C E N G N W L L Y G L 556
1681 TACTCCACTCAGGCTAACAGCTTTTCTTGTGAGAATGGAAACTGGCTTTTATATGGATTG

S P D 0 I C T L R A D V C G P P P E A E 576
1741 TCACCCGATCAAATCTGTACACTAAGGGCTGATGTTTGTGGCCCCCCACCTGAGGCTGAG

N A V V K T S Y Q R E Y L S G S E V T Y 596
1801 AATGCAGTTGTTAAGACTTCCTATCAGAGGGAATACTTATCTGGCTCTGAAGTAACTTAC

L C R D K Y I P L E G V D T I R C R N G 616
1861 CTGTGCCGTGATAAGTATATTCCATTGGAGGGAGTGGACACGATTCGATGTAGAAACGGA

0 W D K E I K C T S S C D K L V D V T M 636
1921 CAATGGGACAAGGAAATTAAGTGCACATCATCCTGTGACAAGCTGGTAGATGTGACCATG

D F T A D K E I Y I E G Q T I R Y 0 C L 656
1981 GATTTCACTGCGGACAAAGAGATATATATTGAAGGGCAAACCATAAGGTATCAATGTCTC

I D G A E G I A T C N N T K W V K S P Q 676
2041 ATAGATGGTGCTGAAGGCATTGCAACGTGTAACAATACCAAGTGGGTTAAATCACCACAA

C K V K P C E L P A D I P N G 0 Y D I I 696
2101 TGTAAAGTAAAGCCATGTGAACTTCCCGCTGATATTCCCAATGGTCAATATGACATTATC

E G E E L V F G T K I K Y V C N E G Y Q 716
2161 GAGGGTGAAGAGCTTGTTTTTGGAACAAAAATCAAATACGTTTGTAACGAAGGGTATCAA

M ; S K E A T R T C M L D G W S N H V P 736
2221 ATGATAAGTAAGGAGGCCACCAGGACTTGTATGCTGGACGGATGGAGCAATCACGTGCCA

T C E P L S C E P P P T D G G V T V I G 756
2281 ACATCTGAACCTTTGAGCTGCGAACCTCCACCGACAGATGGAGGGGTTACAGTAATAGGT

L P D N G N P I L P D R F L D F S C D G 776
2341 TTACCAGATAATGGCAATCCAATACTCCCTGACCGCTTCCTCGACTTCAGCTGTGACGGT

S G R Y L N G S A R L I C G K D C Q W D 796
2401 TCTGGGAGATATCTGAACGGAAGTGCACGTCTGATTTGTGGAAAAGACGGACAGTGGGAT

K P F P S C E D I T C E I G V M P T H V 816
2461 AAACCATTTCCTTCTTGCGAAGACATCACTTGTGAAATTGGCGTGATGCCCACTCATGTC

S v V G L P P G 2 K T I K A G 0 K L Q L 836
2521 AGTGTAGTTGGACTTCCACCAGGAACAAAGACAATCAAGGCTGGACAAAAACTACAGCTT

Q C D N A Q P V D R P A E I E C L Q T G 856
2581 CAATGTGACAATGCACAGCCAGTGGACAGGCCTGCAGAAATTGAATGTTTACAAACTGGG

E W N A A F P A C G G D T C T L T A V P 876
2641 GAGTGGAATGCAGCCTTTCCAGCTTGCGGTGGAGACACATGCACCTTGACAGCTGTGCCA

D N V R M T P R A A L K N Q M R K G Q K 896
2701 GACAATGTACGCATGACTCCACGTGCTGCACTAAAGAACCAAATGAGAAAAGGACAGAAG

L K F A C T D R R D T L L G K A E V E C 916
2761 TTGAAATTTGCTTGCACCGATCGTCGAGACACTCTTCTAGGGAAGGCAGAGGTTGAATGT

L D N G K W S Y P F P T C G D P L D C G 936
2821 CTAGACAACGGAAAGTGGAGTTATCCATTCCCAACATGTGGAGATCCTTTGGATTGTGGA

N P P S L D D G D V T T R R Q S V Y R H 956
2881 AATCCACCAAGCCTTGATGATGGAGATGTTACGACCAGACGTCAAAGTGTATACAGACAT

G A S V E Y R C Q A L Y T M E G G P R K 976
2941 GGAGCCTCGGTGGAATACAGGTGTCAGGCTTTGTACACTATGGAAGGTGGGCCTCGCAAA

T C D N G E W T G S I R C I K P C T V D 996
3001 ACCTGCGACAATGGTGAATGGACTGGATCGATCAGATGCATCAAACCCTGCACTGTTGAT

T D I H R R H N I E F R Y S H E A K L Y 1016
3061 ACAGACATCATGAGGAGACACAATATTGAATTCAGATATTCACATGAAGCGAAGCTGTAT

A T H D D V I E F R C T S G R H V G S V 1036
3121 GCAACCCATGATGATGTAATTGAGTTCAGGTGTACCAGTGGAAGACATGTCGGCTCAGTG

Q M R Q K C L D G V M N F P T C Q * 1053
3181 CAGATGCGTCAGAAGTGTCTTGATGGTGTGATGAACTTCCCTACTTGTCAGTAA aagctt
3241 taaatctactggctttgataaacaagagctggctggacaaacatgtaaacgattaactaa
3301 agtcaacagttcgaccagttataacctqattcagtgtctgtacgtctgtggacatattAA
3361 TAAAacatacagtatcaaaaaaaaaaaaaaaaaaaaa

Figure 2 Nucleotide and derived protein sequence of SB1

Untranslated regions are indicated by lower-case letters; the open reading frame is marked in upper-case letters. Start and stop condons are shown in bold letters. Nucleotide numbering is on

the left side of each column, amino acid positions are above the cDNA sequence and amino acid numbering is on the right side. The putative N-linked glycosylation sites (505-507, 667-669)
and the RGD motif (196-198) are underlined. Italic bold letters correspond to the N-terminal sequence of a 73 kDa (VQTVOVIxNQGY) and a 35 kDa (IGVMPTHVSxVGLPPTK) fragment of the
purified plasma protein obtained by digestion with Staphylococcus aureus V8 protease (50 /ig of barred sand bass purified cofactor protein/0.1 unit V8 protease).

RESULTS

Isolation of SB1 cDNA

In order to identify a cDNA clone representing the 110 kDa
polypeptide chain of the cofactor protein isolated from sand bass
plasma [31], an oligo(dT)-primed sand bass liver cDNA ex-

pression library was synthesized and screened with an affinity-
purified IgG antibody specific for the purified 110 kDa poly-
peptide chain. A cDNA clone (clone 1) was isolated, and sequence
analysis revealed that it was not a full-length clone. A 5'-end
fragment of this clone (P1) was used to screen a second cDNA
library constructed in AZAP. Two additional clones (clone 90
and 120) were isolated and the nucleotide sequences determined.
Clone 90 was 3234 bp long (position 163-3397) and clone 120
was 1164 bp long (position 1-1164). Fragment c120 represents a

partial cDNA clone, as it includes the 5' linker sequence used for
cDNA cloning, but lacks a poly(A) tail (results not shown). In

the region that overlaps with c90 the nucleotide sequences of the
two clones are identical. An alignment of the three clones (Figure
1) shows that together they represent almost the full-length

cDNA. The complete cDNA sequence, termed SBI, is shown in
Figure 2. The sequence consists of 3397 bp including a poly(A)
signal, 'AATAAA,' (position 3359-3364).

In order to ascertain whether the SB1 cDNA sequence was

nearly full length, a PCR-based primer-extension analysis was

performed. The primer-extension product was cloned and
sequenced. The sequence ends approximately 20 nucleotides
upstream from the cDNA of clone 120. The experiment demon-
strates that the cDNA clone represents the nearly complete 5'
end of the authentic mRNA

Deduced protein sequence

The nucleotide sequence of SB 1 displayed an open reading frame
of 1053 amino acids encoding a protein (SBP1) of 117.5 kDa.

Amino acids in positions 526-537 and 809-826 are in agreement
with the N-terminal sequence of a 73 and 35 kDa fragment
obtained by proteolytic digestion of the plasma protein
(VQTVQVIxNQGY and IGVMPTHVSxVGLPPGTK respect-
ively) (Figure 2). Within the predicted amino acid sequence of
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SBP l, two potential N-linked glycosylation sites of the type Asn-
X-Ser/Thr were found at positions 505-507 (Asn-Thr-Thr) and
667-669 (Asn-Asn-Thr). A tripeptide motif Arg-Gly-Asp was

present at position 196-198. This motif is found in various
adhesion proteins which are recognized by special cell-surface
receptors [36]. Analysis of the N-terminal amino acid sequence

revealed a hydrophobicity pattern indicative of a signal peptide,
suggesting that SBP1 is secreted [37]. According to the criteria
common for signal peptide cleavage, we suggest that the signal
sequence is cleaved at position 21 (lysine-serine) [37]. The
molecular mass of the secreted non-glycosylated product was

calculated to be 115.2 kDa.

Structural analysis and homology
The processed SBP1 is organized into repetitive elements (SCRs)
found in a number of complement-regulatory proteins [19].
Alignment of these SCRs (Figure 3) showed the organization of
SBP1 into 17 SCRs, each containing four typical cysteine residues
(C). In addition, a proline (P), a phenylalanine (F) or tyrosine
(Y), a glycine (G), a tryptophan (W) and another proline (P) can
be found in most SCRs.
A homology search indicated structural similarity between

SBPI and human and mouse factor H, human C4bp, CR1 and
other SCR-containing proteins. Comparison of the SBP1-
deduced amino acid sequence reveals an overall similarity to
these proteins of 20-25 00, but individual SCRs display a higher
degree of homology (Figure 4). SCR 2, 12 and 16 of SBP1 show
51, 43 and 5200 homology to SCR 2, 15 and 19 of human factor
H respectively, and SCR 11, 12 and 13 show homology of 33, 40
and 3800 to SCR 1, 2 and 3 of human C4bp respectively. A
comparison of the conserved amino acids is shown in Figure 5.

Expression analysis
The presence of the SBP1 mRNA in sand bass liver was

demonstrated by Northern-blot analysis. A fragment repre-
senting the 3' end of the SB1 cDNA (P1) detected four different
RNAs of 1.4, 1.8, 2.4 and 3.5 kb (Figure 6). To gain a better
understanding of this complex pattern, an additional probe
specific for the 5' region of SB1 (P3) was used. This probe
hybridized to a single mRNA of 3.5 kb. The complex band
pattern observed by Northern-blot analysis correlated with the
findings at the cDNA level. Several incomplete cDNA clones
were isolated; partial-sequence analysis in combination with
restriction-fragment analysis revealed that some clones displayed
distinct sequences and were only in part identical with SB 1.
Alignment of the nucleotide sequence of one of these clones
(clone 29) showed that the 3' end was identical with SB 1, whereas
the 5' end was distinct. Northern-blot analysis using the unique
5' end fragment of clone 29 as probe (P4) revealed predominant
signals with 2.4, 1.8 and 1.4 kb mRNAs that were also visualized
with the P1 probe.

Southern-blot analysis
Southern-blot analysis was performed to determine the genomic
structure of the SBI locus. The sand bass genomic DNA was

probed with two different fragments of the SB1 cDNA: one

probe represented SCRs 1-5 (P5) and the second SCRs 6-17
(P6). Although with varying intensity, both probes hybridized to
several bands of EcoRl- and HindIll-digested sand bass DNA
(Figure 7). The 5'- and 3'-end probes hybridized to distinct
fragments. The identified genomic DNA bands represent at least
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Ii 32 4~ 51617181HmnCb
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1 2 3 4 7 8 9 11 12 13 14 II 16 17 18 1~20 Human H

5 6 1

Figure 4 Schematic comparison of SBP1, human factor H and human C4bp
SCRs are numbered consecutively starting with number 1. Related SCRs are aligned and the numbers between the aligned SCRs indicate the similarity (%). SCRs that display homology ot 40%
or more are shaded.

MousefactorH SCR2P C GH PGDTPFGSFRLAVSOFEF

SBP1 SCR 2 S H PGDAGFADFHLAEIGNIDFIVF

Human factorHSCR2P [C] [GH PG DiTPUFG TUFTLLTG%JVUE

GAKVYT CDDGYQLLGE IIF C GA D G7WIND PL C EVV

IGISKVVYT C QKIGYOIMVSR INYRR C VA E GOWDGV V
P ESQ

JC N E L LG E RE UC

SBP1 SCR12 P~ C EL PADIPNIOIGDI IEG jEELV F~GTKIIKYV C NEGYQMIISIKIEIA TR T C MLD GIfl7NHV P T C EP

HumanfactorHSCR15 [PiJ C ISO LPJPQUEHUGTINSSRSSQjjSYA H[G2T KL S T UC E GOG PR[IJE EN E TUGY OKWSSP UPG0C EGU

MousefactorH SCRi19 K C GP PPP IDNGDITfSLSLPVYEPL-

SBP1 SCR 16 D C GNPPS LIDDIGDIVITITRR QSVYIRHGIAI

Human factorHSCRl19 K UC OGPIPPIP I[ONLG.DII[UTSPLSVYIAP A U

SBP1 SCR 12 P C ELPADIPNGQYvDIlIEGEELIVFGTKI

HC4bp SCR 2 R CRHPGELRNGjVEIHK T D LSFGSOIj

VEOC KY L K K KT IT C TN 0KW S E PT C L H

VEYR C OAIYITMIEIGPRIKI T C DN GEWTG R C K

IVEYGQ JC QON[ JL EG N[UK R ITC RUN UQW US E PK UCI LH

K YV C NEGYOMISETT C MIRD IG WNHV P T C EP L

EPFS C S EG FFLIG TS C E VOIORGOVG WS H LP C E IV

Figure 5 Comparison of amino acid sequence of SCRs with more than 40% identity of SBP1, human and mouse factor H and human C4bp
The conserved residues are aligned and the tour structurally important cysteine residues (C) are boxed with double lines.

50 kb, indicating either a complex genomic organization of the
SBl gene or the existence of additional SBI1-related genes.

DISCUSSION
It has previously been demonstrated that serum of a number of
vertebrate species possesses molecules that cleave the ax'-chain of
the activated human third (C3b) and fourth (C4b) components
of the complement system [30]. To understand such an evolu-
tionary conservation at the molecular level, we have purified
and characterized the plasma proteins that participate in the
cleavage reaction from the most primitive species in which
specific cleaving activity has been demonstrated (barred sand
bass). Analogously to the human and mouse systems, a specific
protease and a cofactor protein were identified. The cofactor
activity correlated with a 110 kDa polypeptide chain of a
360 kDa plasma protein [31]. Affinity-purified IgG antibodies
raised against the isolated 110 kDa material were used to
immunoscreen a sand bass liver cDNA library, and a near-full-
length cDNA clone (SBl) of 3397 bp was isolated which
represents a putative complement-regulatory protein. The pre-

dicted amino acid sequence (SBPI) contains a hydrophobic
signal peptide. The calculated molecular mass of the predicted
mature SBPI polypeptide chain is 115.2 kDa (1023 amino acid
residues), which is close to the 110 kDa molecular mass estimated
for the serum cofactor protein by SDS/PAGE under non-
reducing conditions [31]. Two putative N-linked glycosylation
sites were identified (NTT and NNT) in the deduced amino acid
sequence of SBPI at position 505-507 and 667-669 respectively.
This finding is in agreement with the observation that
the cofactor protein isolated from plasma is glycosylated
(I. Gigli, unpublished work). Of interest is the finding of an RGD
motif at position 196-198. Amino acids 526-537 (VQTVQ-
VICNQGY) correspond to the sequence (QVTVQVIxNQGY)
of the N-terminus of a 73 kDa peptide derived from proteolytic
cleavage of the purified barred sand bass plasma protein
(Figure 2). This sequence is represented by c90, which shows
10000 homology to c I and also shares an overlapping sequence
Of 1 kb with 10000 homology to c120. Amino acids 809-826
(IGVMPTHVSxVGLPPGTK), represented by cI and c90, corre-
spond to the N-terminus sequence obtained from a 35 kDa
fragment of the plasma protein. The amino acid composition of
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P4

E H E H

Figure 6 Northern-blot analysis of sand bass liver RNA

Total RNA separated on denaturing agarose gels was blotted and the filters were probed with
three distinct cDNA probes (P1, P3 and P4). The regions represented by P1 and P3 are shown
in Figure 1. P4 represents the unique sequence of a cDNA clone, with a 3' end identical with
SB1 but with a distinct 5' end. The positions of the RNA standard markers are shown in (kb)
on the left.

SBPI deduced from the cDNA is very similar to that of the
110 kDa polypeptide chain isolated from the 360 kDa sand bass
plasma protein [31]. Taken together these data support the idea
that SB I represents the complement-regulatory protein pre-

viously identified in barred sand bass.
The isolation of several distinct cDNA clones and the results

of the Northern- and Southern-blot analyses indicate that SB I is
a member of a multigene family. Similarly in mouse and man,

several factor-H-related genes have been demonstrated at both
the cDNA [38-40] and protein [41] level. As observed with SBl,
the multiple hybridization bands reflect either the presence of
several related genes or a complex organization of a single gene.

Similarly to other complement proteins, SBP1 is organized
into SCRs. A structural comparison demonstrates significant
homology to the complement-regulatory protein factor H
[17,42,43]. Both proteins are secreted, but SBPI is composed of
17 SCRs, whereas human and mouse factor H are composed of
20 SCRs. In addition to the identical structural organization,
individual SCRs of SBPI and human factor H display an amino
acid sequence homology that exceeds that due to conserved SCR
motifs. Homologies of 51, 43 and 5200 were observed between
the amino acid sequence in SCR 2, 12 and 16 of SBPI and SCR
2, 15 and 19 ofhuman factor H respectively. A similar comparison
with human C4bp shows homologies of 30, 40 and 38 0 in SCR
11, 12 and 13 of SBPI and SCR 1, 2 and 3 of C4bp. Because
similar functions have been demonstrated for the purified sand
bass cofactor protein, human factor H and C4bp, it is suggested
that there are analogous functional domains conserved in these
molecules. The high degree of homology in SCR 2 between SBP I
and human factor H suggests that the N-terminal region of SBP1
may correspond to the region of factor H responsible for
complement-regulatory activity [44]. Similarly the conserved
domains SCR 12 in SBPI and SCR 2 human C4bp might
contribute to the C4b-binding activity [45,46].

For the first time a complete cDNA representing a protein that
is structurally related to mammalian complement-regulatory
proteins has been isolated from a bony fish. On the basis of its
genomic organization as well as the functional observations on

its putative gene product, the sand bass cofactor protein is an

1.2

1.0

4_.

Figure 7 Southern-blot analysis

Sand-bass genomic DNA was restricted with EcoRI (E) or Hindlll (H). cDNA probes P5 and P6
representing the 5' and 3' ends of SB1 (see Figure 1) were used for hybridization. Positions
of DNA standards in kb are shown on the left.

interesting candidate for investigation of the phylogeny of
complement-regulatory proteins.

This work was supported by NIH grant A120067 and a grant from the Deutsche
Forschungsgemeinschaft (Zi432/1). We thank Sea World of San Diego for their
generous donation of barred sand bass.
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