Coelomocytes Express SpBf, a Homologue of Factor B, the
Second Component in the Sea Urchin Complement Systér
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A homologue of factor B, SpBf, has been cloned and sequenced from an LPS-activated coelomocyte cDNA library from the purple
sea urchin, Strongylocentrotus purpuratusThe deduced amino acid sequence and domain structure show significant similarity to
the vertebrate Bf/C2 family proteins. SpBf is a mosaic protein, composed of five short consensus repeats, a von Willebrand Factor
domain, and a serine protease domain. It has a deduced molecular mass of 91 kDa, with a conserved cleavage site for a putative
factor D protease. It has ten consensus recognition sites foi-linked glycosylation. Amino acids involved in both Mg* binding

and in serine protease activity in the vertebrate C2/Bf proteins are conserved in SpBf. Phylogenetic analysis of SpBf indicates that

it is the most ancient member of the vertebrate Bf/C2 family. Additional phylogenetic analysis of the SCRs indicates that five SCRs

in SpBf may be ancestral to three SCRs, which is the typical pattern in the vertebrate Bf/C2 proteins. RNA gel blots show that
SpBf transcripts are 5.5 kb and are specifically expressed in coelomocytes. Genome blots suggest that the SpBf g8p&52) is
single copy gene per haploid genome. This is the second complement component to be identified from the sea urchin, and, wit
the sea urchin C3 homologue, these two components may be part of a simple complement system that is homologous to th&
alternative pathway in higher vertebrates. The Journal of Immunology,1998, 161: 6784—6793.

popeo

chinoderms have a nonspecific, nonadaptive immune reregulatory protein that couples signal transduction with cytoskel-g
sponse that shows similarities to higher vertebrate innateetal alterations (11). Increases in profilin transcripts in coelomo3
immunity. This has been demonstrated with a number ofcytes were interpreted to imply changes in cell shape that, in tunj:gr
experimental approaches. Sea stars and sea cucumbers were firgticated the activation of these amoeboid, phagocytic cells rex
used to establish that echinoderms are capable of differentiatingponding to injury or to LPS (9, 10). A subset of sea urchin coe
between self and nonself tissues, in that they can reject allogenelomocytes, the phagocytes, are known for their dramatic cytoskel=.
skin grafts but would not reject autografts (1, 2). However, im-etal shape changes in response to minor perturbations (12%
mune memory could not be demonstrated because clearance ratithough these reports helped to characterize immune reactivity i
of bacteria, xenogeneic cells, and bacteriophage from the coelomithis species, they did not indicate that the sea urchin system was
cavities of sea urchins and sea stars did not accelerate with muénything other than a typical, albeit very sensitive, invertebrate2
tiple injections (3-5). Furthermore, recognition specificity could immune system (for review, see Ref. 13). >
not be demonstrated (6) because rejection rates of second set andHomology of the innate immune response within the deuterosé
third party allografts in the sea urchihytechinus pictus, were tome lineage of animals that includes the echinoderm (sea urchin
identical even though they were accelerated relative to the primargnd chordate (vertebrates) phyla was established with the idents
rejections (7, 8). Together, these reports defined immunity in echification of an expressed sequence tag (B98¢ from an LPS- 2
noderms as a nonadaptive or innate system functioning in the alactivated sea urchin coelomocyte cDNA library (14). GenBank%
sence of adaptive and specific nonself recognition capabilities typsearch results indicated that EST064 encoded a new member of the
ical of vertebrates. thioester family of complement components. Further characterizas
At the molecular level, quantitation of profilin transcripts in coe- tion of this cDNA revealed the sea urchin protein, SpC3, was a%
lomocytes was used to characterize the sea urchin immune rétomologue of the complement component C3 and was the most
sponse as extremely sensitive to minimal injury (9) and to injec-ancient member of the thioester family of complement proteins
tions of small amounts of LPS (10). Profilin is a key actin (15)". This conclusion was based on sequence similarities, overall
protein structure, and phylogenetic analysis. Identification of a
simple complement system as a part of the sea urchin immune
B e G waswton S o Songs® fesponse estabiished that echinoderms and, by inference, all deu:
terostome invertebrates share innate immune system homologies
o T i with vertebrates. Furthermore, characterizing the simpler immune
e e e o oo oo *esponse exhibited by sea urchins is important for undersianing
with 18 U.S.C. Section 1734 solely to indicate this fact. the ancestral deuterostome defense system and for reconstructing
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The suggestion that the alternative complement cascade was tle®nes 1521 and 152-69X2, which were longer than several hundred nu-
foundation on which aspects of h|gher vertebrate adaptive immucleotides (see Fig. 1), inserts were subcloned into the Bluescript vector

nity that are dependent on complement effector functions may havgoiratagene, La Jolla, CA), and the Erase-a-Base kit (Promega) was em-
ployed to create a nested set of deleted clones. Sets of overlapping insert

been built and expanded (14) is reinforced with the characterizagejetions were sized by PCR, and sequences were assembled using the
tion of a second sea urchin EST. We report here the completeNASIS sequence analysis program (Hitachi Software, San Francisco,
sequence of EST152, hereafter cal&uil52, which encodes a ho- CA) on a pentium personal computer.

mologue of vertebrate factor B (Bf), called SpBf, which is a new gy gel blots

member of the Bf/C2 protein family. In the alternative pathway in ) o )

higher vertebrates, Bf is the second complement component tBOIY(A)” RNA (0.4 ug), isolated with oligo(dT) magnetic beads (Dynal),

L . . was electrophoresed through a 0.8% agarose gel containing 2.2 M form-
function in the cascade and binds to activated C3b and I3(H aldehyde in X MOPS buffer (20 mM 34§-morpholino] propanesulfonic

(for a review of the alternative complement cascade, see Ref. 16}cid, 5 mM NaOAc, 1 mM EDTA, pH 7) and capillary blotted onto Ge-
The SpBf domain structure is typical of the Bf/C2 complementneScreen Plus (DuPont/NEN). The blot was probed witffRlabeled
family of proteins in vertebrates. It is a mosaic protein composed®CR-amplified DNA insert of clone 152S (500 bp; Fig. 1) or the control

; . . lone EST219 (900 bp), which encodes a homologue of human L8 ribo-
of five short consensus repeats (SCRs) (which are sometimes rgomal protein (14). The PCR reaction was performed on a 9600 PCR ma-

ferred to as complement contrpl protein (CQP) modules), a VOthine (Perkin-Elmer, Norwalk, CT) and contained 200 ng template, 1.0
Willebrand Factor (vWF) domain, and a serine protease domain.M each primer (Sp6 or T3 and T7), 7.8 dNTPs, 2.5 mM MgSQ, 10
Alignments with other Bf/C2 proteins show that SpBf has con- uCi [a-*P]JdCTP (Dupont/NEN), and 1 Uaq polymerase (Promega),

; ; s with buffer supplied by the company. The thermocycler was programmed
served amino acids for binding Mg and a conserved cleavage as follows: 94°C for 5 min followed by 20 to 30 cycles of 30 sec at 94°C,

site for a putative factor D. Results from phylogenetic analyses;j ¢oc 4t 57°C, 1 min at 72°C, finishing with 72°C for 2 min. The entire
indicate that SpBf is the most ancient Bf/C2 family member andpcR reaction was passed through a G-50 Sephadex (Pharmacia) spin cgh
that five SCRs may be the ancestral condition rather than threemn to remove unincorporated nucleotides. The probe was denatured &
SCRs, which is typical for the vertebrate proteins. Transcripts fromL00°C for 2 min before being added to the hybridization solution.

i . Filters were prehybridized fa2 h in hybridization solution (50% for-
Spl52are specifically expressed in coelomocytes and appear to br%amide, 250 mM phosphate buffer (pH 7.4), 1 mM EDTA, 0.1% BSA, 7%g§

generated from a single copy gene. The two sea urchin proteingps) and then hybridized with the probe at 42°C overnight in a rotatin
SpC3 and SpBf, appear to be homologous to the two-componeriven (Robbins Scientific, Sunnyvale, CA). Final washes were conducted &b
complement system that has opsonin functions in agnathans (178°C in X SSC (0.15 M NaCl, 15 mM Na Citrate, pH 7) with 1% SDS. i
20) and to the alternative cascade in higher vertebrates. We hﬁ"ters were exposed overnight to X-OMAT XAR-5 x-ray film (Eastman &
thesize that th tw tei tt th d that thi odak). Transcript sizes were estimated from RNA standards (Blo-Rad&
po §8|ze at these two proteins a? ogether a_n a ) IS S&&rcules, CA). Reprobing was conducted after the blots were stripped i
urchin complement system also functions to opsonize foreign cell§ 1x SSC at 100°C for 15 min.
and particles, augmenting their phagocytosis and subsequent d

struction by the coelomocytes.

peo |u

s_rotein alignments and phylogenetic analysis §

A basic BLAST search of GenBank (23) was done using the deduce(%
Materials and Methods amino acid sequence of SpBf to identify sequence matches to other pr@
RNA isolati teins. The BLAST list included the Bf/C2 protein family members in ad- Q

Isoiation dition to other mosaic proteins containing VWF domains, serine protease

Total RNA was isolated from coelomocytes and other adult tissues as predomains, and SCRs. All of the Bf/C2 members and several additionatr
viously described (9, 15). Briefly, coelomic fluid (40 ml) was poured Matched sequences were used to construct protein alignments with tge
through sterile cheese cloth and mixed into 10 ml of coldCand Mg* ~ CLUSTAL W program, using default parameters (24). _ i
free sea water (21) containing 30 mM EDTA, pH 7.4 (CMFSW-E). Coe- 10 identify phylogenetic relationships among the sea urchin and verteo
lomocyte pellets and minced solid tissues were vortexed and homogenizdate BfIC2 proteins, sequences were first aligned with the CLUSTAL W5
using a dounce homogenizer in guanidinium thiocyanate extraction buffeProgram (24) and were then imported into the PAUP program (versiorg
(5 M guanidinium thiocyanate, 50 mM NaOAc, 50 mM EDTA, 50 mM 3.1.1) (25). Outgroups were identified from BLAST results, and the heu<
Tris (pH 7.4), 5% 2-ME) to which was addétHauroyl sarcosine to a final ~ fistic search method was used to obtain the shortest tree. The heun_st_@
concentration of 2%. Total RNA was pelleted through a cushion of 5.7 msearch in PAUP was set for tree-bisection-reconnection branch-swappirig,
CsCl containing 50 mM NaOAc and 50 mM EDTA at®l8 gin eithera  With an initial MAXTREES setting of 100, with all data weighted equally. 8
Ti60 fixed angle rotor (Beckman Instruments, Fullerton, CA) or a swinging The general search options were set to keep minimal trees only and t&
bucket rotor (Sorvall, Newtown, CT) at 20°C for 20 h. Pellets were washedCollapse zero-length branches. When multiple trees were obtained, a strict
in 70% ethanol, resuspended in RNase-free water, extracted in (1:1) ph&onsensus tree was calculated. A number of analyses were done on full-
nol/sevag (sevag is 24 parts chloroform, 1 part isoamyl alcohol), precipil€ndth sequences of the Bf/C2 proteins, on SCR-deleted sequences, and on
tated, and resuspended in RNase-free water. Poly@)A was isolated ~ independent SCR sequences. Different outgroups were chosen to root in-
using oligo(dT) magnetic beads (Dynal, Great Neck, NY) according to thedividual trees, which were based on either sequence similarities to the vVWF

manufacturer’s instructions. domain or the serine protease domain, or were SCRs with known binding
function or lack thereof. In some SCR analyses, additional SCRs with
cDNA library construction known binding function were added to the Bf/C2 ingroup.

The sea urchin immune response was activated by injections of LPS, anppagylts
activated coelomocyte RNA was isolated (10). An activated coelomocyteI lati d ina Sp152
cDNA library was constructed from poly(A) RNA using the Time-Saver solation and sequencing Sp

cDNA kit and directionally cloned into th@ExCell phage (Pharmacia, Pis- QOne of the partially sequenced cDNAs that was reported as

cataway, NJ) as previously described (14, 15). The library was screened usi . .
32p-labeled RNA probes that were generated according to technical inform(;‘—gSTl52 from the purple sea urchin matched to SCR domains from

tion from Promega (Madison, W) and as previously reported (9, 15). complgm_ent_ receptors and regulatory proteins (14). Although our
. analysis indicated that the EST152 BLAST matches were below
Sequencing significance (see Q value, Table Il in Ref. 14), matches were

DNA sequencing was conducted on plasmid DNA according to themostly restricted to the consensus amino acids in the SCR do-
_dideo_xynucleotide te_rmination'protocol (22) using the TagTrack sequencmains. Consequently, we identified two complete and two partial
'”g)kg (Promegay) |ncprporat|nga[i358]dAr']l' P (DSPO””%‘EN’ B‘I)Sto,'&' SCRs in the EST152 protein sequence (see Fig. 2 in Ref. 14).
MA). Sequencing reactions were electrophoresed on a 6% acrylamide g . o

with 0.6 TBE (10 TBE 1 0.9 M Tris, 0.9 M Boric acid, 20 mMl EDTA, TOWever, since the sequence of the EST152 clone began within
pH 8.3) running buffer, after which the gel was dried and exposed overfhe ORF, the library was rescreened with a riboprobe made from

night to BioMax MR-1 x-ray film (Eastman Kodak, Rochester, NY). For the 152S subclone (Fig. 1). We picked 74 positives, which were
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1kb 2kb 3kb a VWF domain, and a serine protease domain. It is curious that
S— |co e | — |3 SpBf Transcript SpBf has five SCRs when all vertebrate Bf/C2 proteins sequenced
to date have three (however, see SCR analysis below). These two
1528 E“I’RI 1521 extra SCRs give SpBf a deduced size that is significantly larger
pEXCell}52 than vertebrate Bf/C2 proteins. SpBf has a conserved cleavage site
152.69%2 XTO’ for a putative factor D (Ar§’®Lys®"9) that is located at the be-
pExCell152-69 ginning of the vWF domain and corresponds to cleavage sites in

FIGURE 1. Map of cDNAs that span the ORF within tf&p152tran- other Bf/C2 proteins (Fig. 2). Furthermore, the serine protease do-
script. The entire pExCell152 clone and the subclone 152-69X2 were semain contains a conserved histidine, aspartic acid, and serine in
quenced to obtain the coding region from 8gl52gene. Both clones were  conserved positions expected for protease function (Fig. 2). There
obtained from the\ExCell library constructed from LPS-activated coelo- are ten consensus recognition sequences\ftinked glycosyla-

mocytes (10) and released as phagemids according to the manufacturefign |ocated throughout the SpBf sequence (Fig. 2). Five are lo-
instructions (Pharmacia). The fragment 152S was subcloned into the Blugsated in the SCRs, one is found in the region between the SCRs

script vector (Stratagene) and used as a template to produce an antisergﬁd the VWE domain. and two each are located in the VWFE domain
riboprobe to rescreen the library and obtain the second clone, pExCell152- ’

69, to screen the RNA gel blot and to screen the genome blot. and in the serine protease domain.
SpBf protein alignments to other Bf/C2 family proteins

analyzed by PCR to identify the clone with the longe'sebd. A Preliminary sequence comparisons between SpBf and other Bf/C2
PCR primer was designed that would hybridize to theebd of =~ members indicated that the vVWF domains and the serine protease
pExCell152 (BTGTTTGATCCCAGAGTTTTGC3) and that domains aligned well. However, since SpBf has five SCRs whileg
could be used under the same annealing conditions as the Spie vertebrate proteins have three, alignments in this region of th@
primer that hybridizes to the polylinker at the &id of the insert.  proteins tended to be out of register relative to the four cysteineg—
The clone with the longest amplified band, pExCell152-69, wasthat define the SCR domains. We determined that, when aligr§
chosen for further characterization (Fig. 1). Theehd of pEx-  ments were performed without the SCRs, the results for the nor%
Cell152-69 (152-69X2) and the 8nd of pExCell152 (152L) were homologous linker region, the VWF, and serine protease domaing
subcloned into Bluescript (Stratagene) to create a nested set dfd not change. Therefore, the alignment shown in Fig. 3 use
insert deletions for sequencing. The overlapping sequence of thesequences with the SCRs deleted and begins with the tyrosine &
two clones spanned the entire ORF (Fig. 1). phenylalanine located five amino acids from the last cysteine in the
The cDNA sequence @dpl52and the deduced protein of SpBf last SCR for each protein. The alignment reveals a number §
are shown in Fig. 2. The total length of the two overlapping highly conserved amino acids. These include a factor D cleavage.
cDNAs is 3163 nt. This length is significantly shorter than the site at the beginning of the vVWF domain, the five amino acids thai
transcript size as seen by RNA gel blot (see results below), and ware involved in binding M§" (28), and the amino acids involved
have assumed that these clones are missing parts of both UT rés the serine protease activity (Fig. 3). §
gions since the 5UT region is 334 nt and the’ 3JT region is only There are 30 cysteines in SpBf, 20 of which are located in th
303 nt. Typical UT regions in sea urchin transcripts are usuallySCR domains (Fig. 4), and the remaining 10 are shown in they
significantly longer. No consensus polyadenylation signal oralignment (Fig. 3). SpBf has one cysteine located in the VWF doé
poly(A)™ tail were identified in the 3UT region, but, because the main, which is a region in the vertebrate Bf/C2 proteins where n o
library was constructed with a random primer (see Ref. 14), thecysteines are found. In the serine protease domain, SpBf has nike
missing poly(A)" tail was expected. Following the stop codon that cysteines. Eight align perfectly with cysteines in the Bf/C2 pro-;
defines the end of the ORF, thé BT region has 15 additional teins (Fig. 3) and with cysteines in other serine proteases chosefi
stops located in all three reading frames. There is one AU-ricHrom the BLAST results (data not shown). In addition, there is onek
repeat, which is typical of transcripts from inducible genes and iscysteine in SpBf that does not align with the vertebrate Bf/C2)
thought to function in stabilizing transcripts (26). Six AU-rich repeats proteins, and there are two positions where cysteines align in alp
were found in the 3UT region of the sea urchin C3 homologue (15), the vertebrate proteins but are missing in SpBf (Fig. 3).
which appears to be inducible in response to challenge with LPS An SCR domain is typically about 60 amino acids long with a
(L. Clow, P. Gross, and L. C. Smith, unpublished observations). number of conserved residues. These amino acids include four cys-
Inthe 5 UT region, there are four start-translation codons (ATGSs), teines, three glycines, two prolines, two tyrosines (or phenylalanine),
none of which are in the same reading frame as that of the codingnd one tryptophan, all of which are located at specific positions
region. Also, there are nine stop codons, two of which are in thewithin the domain (29). These consensus positions are shown in Fig.
correct reading frame, with one being located only 60 nt upstreand where the five SCR domains from SpBf are aligned to each other.
from the putative start site. Because there is no Kozak sequence to alavo disulfide bonds are formed between the four cysteines and main-
in identifying the correct ATG, we have deduced that the fifth ATG tain the topology of the domain (Fig. 4). Although some of the con-
from the B end is probably the correct start site for translation. Thissensus amino acids are missing from SpBf, SCR 4 (two tyrosines) and
is based on the positioning of the stop codons, because the fifth ATGCR 5 (the third glycine), all four cysteines are present in each SCR,
is in-frame, and also because it is followed by a short hydrophobisuggesting that these domains fold as expected. In our previous report
region ending with a serine. This is typical of a leader region as de{14), we suggested that one SCR was missing a cysteine; however,
fined by the “[-3,—1]-rule” of von Heijne (27). Although this leader this was due to sequencing errors.
region appears rather short, it is followed, within three amino acids, by . ) . .
the first cysteine of the first SCR. Phylo_genenc relationship between SpBf and other Bf/C2 family
The ORF, 2502 nt, encodes the SpBf protein, which is Com_protelns
posed of 834 amino acids (Fig. 2). SpBf has a deduced moleculaBince the protein encoded [8pl52appears to be a new member
mass of 91 kDa, although this estimate does not take into consicbf the Bf/C2 family of proteins, we were interested to know
eration putative glycosylations or removal of the leader. Like thewhether it was more similar to Bf or C2. Pairwise alignments
other C2/Bf family members, SpBf is a mosaic protein with SCRs,between SpBf and all the other Bf/C2 proteins, with and without
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GGGACGTGTTTTTGTTCCGCTGTCTGGTCTACCAT TCGCTTCCTGGACTCGCTCGGCTAGAATCACTTCAGT TTGCCTGAGAAGGCGATCCACGAGGTGT TGAAATGAAGT T TTCGGCGA 120
TCATCGTTGCCGCCATTTTAGGATACATCTGTTCCTGTGCAGAGGGTACTAGCTGCGTCGACCAAGGAGT TTGCGGAAAGGACGTTACGAATATCAGAACAGTGCAGACTATGGAT TGAC 240
GCATCTCCCTGTGAATTACATCGTGCGCGCAGTGTGTGAGCCAGACGCAACGCTTGTAGGAGATGAAT TCATCATCTGCCAGGACAATGGACAATGGAGCGATTACCCATATTGCCATCT 360
M E R L P I L P § 9
leader
CCGCTAGTATGTTTTCGTCTTCCTGAGAGCCCTGCCARCGGGTATGTGCGCATGCGTGGTAAATCTGCAAGAAGCAT TGCTGTGTATCGCTGTAACCCTGGTTTCGAGCTCCATGGACAA 480
P L v ¢CFRULPE S PANGYV RMURSGIEKSAURSTIAVYURT CNZPGTFETLUHGOQ 49
| SCR 12>
AGAACGGTGGTCTGCAATGAGGCTACGGGTAGT TGGCAGGGAGATGTACCTCGATGTTTCAGACCT CCATCATGCCCTGACCCAAACGAACCATCCGGGATGCTAGCCTTGGTTCTTGAT 600
R T Vv VvV C NE AT G- S WQGDV PRT CVPFRZEPPSCPDPNEUPSGMTLATLVILD 89
€SCR 1 | | SCR 22>
GAAAACTCTGGAATTAAACACGGTGATCTCTACACCGAACGCACAGTGT TCAACTATACCTGCCAAACAGGATACCACCCAACCGGGGACGTCACAATCACGTGTCAGAATGGCTCATGG 720
E NS G-I K HG D L ¥TEURTV FEFNZYTCQTGYH?PTGD VT ITCOQNG S W 129
AcHO ACHO
GAAGUGGATGCGGATGTTCCGGAATGCAACAAGATCATCTGTGCCCCACCCACCCTGGAACCCATAGAGAATGGTACACACAACAT TGAGAACAGGACATACAATGT TGGAGAAATGGTG 840
E ADADV P ECNI KI I CAUPZPTIULEU®PTENSGTHNTLIEWNZRTYNVGEMYVWV 169
€SCR 2 | | SCR 32 ACHO AcHO
CAATACGAATGTAACGAAGGGTAT CTCGTCGATGGAATAAGCTGGCAAGTATGT CAGAGT CACGATGGACCCAATGGAATATGGT CCGATAACGTACCACGCTGCARAGTCGCAAGGTGT 960
Q Y ECNZEG YL VD G I S W Q- V C Q S HDP GPRBRNOGTIWSDNWVPRTEGCIEKVARTC 209
€SCR 3 | | SCR 4>
CCCCATCCGGGTTCCCGTCACCT TGACARCGGCGAGAT TTCTTTCTCGCCGAGAAACGGACAAGGCGCCACGAATTCT TGGCCCGTAGGAGCGGTGATGACCCTCAGGTGT CGGTCACAT 1080
P HP G S R HULUDWNGETISF SPURINGO QG- ATNS® PV GAVMTULIRTCURSH 249
CTAGAGCTGCTTGGGTCAAGTGAGAGGGTGTGTCAACCCGATGGTCACTGGAATGGTACTCTGACGTCATGCCACAATGAAGAGTACGACTGT CCAGCCT TGGGGAACACCATACACGGC 1200
L EL L G S S E RV C O P DG HWNGTULT S CHBNEUEYDCPALGNTTIHRG 289
~CHO €SCR 4 | | SCR 5>
TCTARAGT OGGCTCTCCGCAGTACAGAGTAARACACCAAGGTCAATTTTCGATGCAACCATGGT TAT CAGATGGTGGGTTCCGAAGAGAGGATGTGTACGT TTTCTGAAGAGTGGACTGGG 1320
S K VG s P Q YRV NTI KV NFRTC CNUHGY MV GSEEIRMTECTU FS EEWT G 329
GAGATGCCAAGATGCATGGGTCGTGATGAGT TCGACGAACT TTCTCGAGTGATGAATGGGCTAGGGAAGACCTTCGACGAAATCGTCATCGACGGCGGCTCTTGGGTGGGTCGAAATGAC 1440
EM P RCMOGRDEFDEL S RVMNGILGI KT FDETIVIDS GG GS5S WV G R NTD 369
€SCR 5 | ACHO
ACCAGCTCGAACTCAGGTTTGCGAAGGAAACGTACAATTAAACTCTCTGATGGTATGGATATCTACT TTGCGT TTGATGCGTCGAATAGTGT TGGACT TAAAAACTTCGAGATAGGCAAG 1560
T $ S N S G L RRI KU ERTTII KL SDGMDTIYVFATFUDA ASUNSUVGUL KN NTFETIGHK 409
” putative Factor D cleavage site
| von Willebrand Factor Domain—>
ACATTTGCCAAGCAACTAGTGGGAAAGCTTCAAGTGAATACCTCGCCTGGTGGAACGCGTGTCGGGGCAGTCTCCTACTCGTCTGAAGCACGCAGAT TGT TCAACGTCAACGATTTTACG 1680
T F A K QL V GG X L OV NTSPGGTRVGAVS Y S S EARZBERTILTEFNV NDTFT 449
~CHO
TCTACAGTTGATGTAGT TAAGGCCATCGAGGCGAATGTCAATTACACAAATAAAGGAACAAATTTGCCCGCTGCTCTCGAGACAAT CGGGGTAATGATTACCGAAACAGCGGATGAATCT 1800
S T V D'V V K A I EA NV NY T NKGTNZ LELPAATLETTIGWVMITETA ATDES 489
~CHO
GGGTACAGCAGCAGGAAACGCATTCTATTTATCATAACAGACGGT TTCAGTAACGTCGGTGGTGCCCCAT CGARRAGCGCTCAACCACTAAAGGAAGATGCGGCCCTCAAGATACACTGC 1520
G Y $ S RKU&RIL F I I TTDGPFS NVGGAZPSK S5 AQPILIKEDA AA-AMTLIZEKTIHTC 529
ATAGGAATTAGCAGGAACACGGACARGACAGCACTTGCCGAAATCGCCTCTCCGCCTGTCAGCGAACATGTATTTTATCTCTCGGAT TATAATGAGCTGGAACGCGCCGTGGAAGCCATT 2040
I G I S R N¥NTDIXK T AILAETLIASUPZPV S EHVFYULSD Y NZEIULIZER-AVEATI 569
ACCTCTACAAACAGATCTTACGAGGAATGTGGAGAGTCAAAACAT CCGTCGGCGACGTCTCGCATTGTTGGTGGTAGTGAAT CCCAT TCGGGGGAT TGGCCGTGGCAGGCAGCCCTTTAL 2160
T § T N R S Y EE C G E S KH P S AT SRIUV GG S E S HS GDWUPWQ AR ATLY 609
~
CHO
| Serine Protease Domain—>
GATGAAGACTCAAATCAARCTTTTGTGCGGGGGCTCTCTCATTGAGAAAAACTGGATTTTGACCGCAGCGCACTGT TTCAGTGGAGAAAATACGCTGAGCCAGAATGGAACAACTGTTTAT 2280
D EDS VN QLILCGGS LI EZKUNWTILTHAHAHRTCTPEFSGENTTULSOQNGTTVY 649
Aprotease active site ACHO
CTTGGACTGACACACAGAGTGAATGATTTGAATAGGCCCAGTGT TCGATGTGAAGGAATTGAT TACGCACCCGGACTACT CCAAGGACT CGACGGAGGAGAGCACAATGACATCGCCCTC 2400
L1 6 L THRVNDU LI NZ RZPSVRTCESGTIUDTYH AZPSGTILT LSZGQQGULDGGEH N DI AL 689
protease active site”
TTGCGTTTGGATCGTGAAGCAGAGCTGAGTCCATTCGTACGTACTGTCTGTCTTCCACCAAGTGACCCCCARAARGTTAATTGGTACGTGAAT CCTAGGAGGACGGCTTTCGTCACAGGG 2520
L RL DU REA AETLSUPFVRTVCLUPUPSDUZPQ KV NW YV NUPRI RTATFUVTG 729
TGGGGTCATACCCTCAAAGGACAGACCTCGCCTGCTCTCATGGAAATCATGATACCACCGGTTCTAGATAGT TCGTGTAGCATAGCGATGAGCGCTCATGGGATAGCTGTGGACACGACT 2640
W G HT L XK-6G Q-T S PA LMETIMTIPZPVLDS S CSTITAMS AUHGTIWAVYVDTT 769
ACTGAATTGTGTGCAGGAATAGAGAGGAAGGATTCATGCCARGGCGATTCAGGTGGCCCCTTGGTCGTGCAACGGAATAACAAATACAGGCAGAT CGGGAT CGTGAGCTACGGCATCGGA 2760
T EEL CA G I ERKWD S CQGDSGGUPILV VQRNIENIEKYR®RQIGTIUVSYGIG 809
~protease active site site
TGTGGTGTAACCTATGGTGTTTACACCAGAGTCCCACACTATGTTGACTGGAT TAATGGAATCATTAATAAGTAGAAAATACAAACATTTATCGTGATCTAACAAACAAAAAACATAGTA 2880
C GV T Y G V YT RV P HRY V D W I NG TI I N Kstop 833
TCACCAATCCTCTCCTTACTACCGGCGCTATAGT TCTAAGCTCARGARAGATTACACTATTCTTCTATGACTACCAACAGTTCTTTTCAGTACTCCCCAATCCCCCCTCTCACATGATAT 3000
AACCGCAAGCCTGTGACTGTATATATACATCACCATAGAAGCCGATACTTATAAGCAGCAT CTAAACTATGGTATTGAAT CAAACATATAGCAAACTATACAAT CACATCGCCTGATCAC 3120
ATTCATATTATAAAGG 3136

2. cDNA sequence and deduced protein sequence of SpBf. The sequence was obtained from the two overlapping cDNA clones and the set of nes
deletion clones that were obtained from 152L and 152-69X2 using the sequence alignment program from DNASIS (Hitachi Software) on a pentium persor
computer. The deduced amino acid sequence is shown below the DNA sequence. These sequences have been deposited in GenBank with the accession n

6T0Z ‘9T AJnr uo 1s8nb Aq /610" jounwiw i [mmm//:dny woJj papeojumoq

AF059284. Stop codons are underlined in both UT regions. Four ATGs are shown in bold irifheegion. The start site is not identified by a Kozak sequence;

however, a hydrophobic region, the putative leader, is underlined at the N terminus of the protein. The domains are labeled in the figure including the consen

positions for serine protease activity and a conserved factor D cleavage site. The coNdani@absglycosylation sites are noted with CHO. One AU-rich element,
ATTTA, is denoted in bold and is present in thel3T region.
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i i i i - ——~EDS-- LSQNGTTVYLGLTHR===~~

~non-homologous linker region ~von Willebrand Factor Domain SpBf ALYD EDS--NQLLCGGSLIEKNWILTAAHCFSGENT!
SpBf FDELSRVMNGLGKTFDEIVIDGGSWVGRNDTSSNSGLRRERTIKLSDGMDIYFAFDASNS LiBf QISMRVHISNDHVKPAFCGGSITAEQWILTAAHCFDEFATTDDEWWRGS IDVVIGSSNKL
LiBf YDNPEDVSFALSKVTLS~~MGVE-~-QSES------ MARSINLTSLYDTHIYLVIDASYS BrBf QLSI--—-AQS--QISDCMGSLVTSRYILTAAMCFKEG--DTPDKITVYLEKN---=-=-=

BrBf YDPAMEAAEAFGNSLTTTLTVQQ---GFED----DQHGKKISLDRGGKLDIYIAVDASDS O1Bf FINI----QGK--SPKKCLGSLVSSEFVLTAARCFIFS--DEPQDVKVEIDDGKGS-

OlBf YDTSQEVSEAFGSSIKDSLITLQ-~-PTNDT----QAGRKIRISKNGTLNIYIALDISES X1Bf KITI----TSS--GVQYCKGTILSPYFILTAAKCFHLD-~-DKNQKIQVIVDG-~-~~ -
X1Bf YDNPKEVAKSFSSSMLENVDTTN---LEDR------ SDRSVQILKDGLMNIFIVLDTSKS MmBf KISV~---TRPLKGHETCMGAVVSEYFVLTAARHCFMVD--DQKHSIKVSVGGQR~ -
MmBf YDSPQEVAEAFLSSLTETIEGAD~~-AEDGHSPGEQQKRKIVLDPSGSMNIYLVLDGSDS HsBf KISV----IRPSKGHESCMGAVVSEYFVLTAAHCFTVD=-DKEHSIKVSVGGEK-=--—=
HsBf YDTPQEVAEAFLSSLTETIEGVD---AEDGHGPGEQQKRKIVLDPSGSMNIYLVLDGSDS MmC2 TF-- ~-KP-KSKETCQGSLISDQWVLTAZHC FHDIQMEDHHLWRVNVGDPTSQH-~~

MmC2 YDFPEDVASALDTSLTN-LLGAT---NPTONLLTKSLGRKIIIQRSGHLNLYLLLDASQS HsC2 TI-----—- KP-KSQETCRGALISDQWVLTAAHCFRDG——NDHSLWRVNVGDPKSQW-'—
HsC2 YDFPEDVAPALGTSFSH-MLGAT-~-NPTQ-KTKESLGRKIQIQRSGHLNLYLLLDCSQS *oEL. Bl el . . .
o . . . ok % /M protease active site
Factor D or Cls clesvage sitep  Mg"™ binding sitest t 1
SpBf —-VNDLNRPSVRCEGIDYAPGLLQGLDGGEHNDIALLRLDREAELS PEVRTVCLPPSDPQ

SpBf  VGLKNFEIGKTFAKQLVGKLQVNTSPGGTRVGAVSYSSEARRLFNVN-~=-~= DFTSTVDV LiBf GGDKISPKQIITHEGYNRN-PDAHVQIENLDNDIALIKLSKRLTFGYTYRPICLPCTKET
LjBf VGKEDFDTGLNFVKDLINRIGMYVRN--IRYSIVMYATNPSLKLSVR~~--DSWSNDPNA BrBf =--TDVKVEKVFIHPNYSLTAKQSIGIKEFYDFDVALLQLKTPVKMSVNLRPICLPCTKET
BrBf IDPKDFDKAKKIIKTLIEKISYYEVS--PNYEILMFATDVDQIVKMRDFKTNEKARKILK OLBf --KEKKVKTFKLHPQYNVTARVKQGVAEFYDYDIALIQLERPVQLSISARPICIPCTKET
O1Bf VEEEHFKRAKLAIITLIKKIAAFTVS--PNYEILFFSADVYEVVSIVEF--YEGKITLES X1Bf --KDYPVKNFYRHPKYDPISKVDKGIKRAFDYDIALLELTKKIEFSATARPICLSCTMGT
X1Bf VGEEKFEEAKEASKLFIEKMADYDIK--PRYCIISYASVAIAVVSLR----DPDSNDAEA MmBf --RDLEIEEVLFHPKYNINGKKAEGIPEFYDYDVALVKLKNKLKYGQTLRPICLPCTEGT
MmBf IGSSNFTGAKRCLTINLIEKVASYGVR--PRYGLLTYATVPKVLVRVS-~--DERSSDADW HsBf --RDLEIEVVLFHPNYNINGKKEAGIPEFYDYDVALIKLKNKLKYGQTIRPICLPCTEGT
HsBf IGASNFTGAKKCLVNLIEKVASYGVK--PRYGLVTYATYPKIWVKVS~-~-~EADSSNADW MmC2 -GKEFLVEDVIIAPGFNVHAKRKQGISEFYADDIALLKLSRKVKMSTHARPICLPCTVGA
MmC2  VIEKDFDIFKKSAELMVERIFSFEVN--VIVAIITFASQPKTIMSIL--~-=-SERSQDVTE HsC2 -GKELLIEKAVISPGFDVFAKKNQGILEFYGDDIALLKLAQKVKMSTHARP ICLPCTMEA
HsC2 VSENDFLIFKESASLMVDRIFSFEIN--VSVAIITFASEPKVLMSVL---~NDNSRDMTE T o,
* s v . “Nprotease active site
SpBf  VKAIEANVNYTN--~-KGTNLPAALETIGVMITETADES--—--- G-YSSRKRILFIITD SPBf  KVNWYVNP————=cmmem RRTAFVTGRG--HTLKGQTSP-m=- === ALMEIMIP-PVL
LjBf  VIKILDDLDYYEFDDTPGTNTAMALKMVLDTMALYKVAN-~-~~QONTFKDIRQAIILLTD LiBf NAILDLNSANKDWTTLCNIHGKNLIDVKKNTSLTVTGFGLLEGDKKHAQQLOQATVQYAK
BrBf IFEDLDNFNYDKKGDRTGTNIAKLYLKILDSMSLEQVQN-----KEDFLQTQHVIIVETD BrBf NRALKLSDS----QGTCEKHEQILLSNELVDAAFTSKMDMEK--RSPRKIRRITVKLGKY
O1Bf AIKNLEDFQIGDKS--TGTDVNAALKKFEEGMAWIEQKTG-~=-~ DKFSEHRHVFLLFTD O1Bf SDALRLPG---—-SATCRDQEELLLKNQRERLSFLTRTEP-=—=-- LVGEKDVYAKLGDN
X1Bf VTKHLEDFQYNNHADKQGTNTRAALHSIYEHLIEQELAYEKEGKKADEMKIHNVILLMTD X1Bf AQVLKQP~---—-GAPCSSHEKALLSEEEVKAVETAEEKSD- - - - LMEEMNVLIKRGSK
MmBf  VTEKLNQISYEDHKLKSGTNTKRALQAVYSMMSWAGDAP-----PEGWNRTRHVIIIMTD MmBf TRALRLPQ-----TATCKQHKEQLLPVKDVKAL FVSEQGK- - ~—--SLTRKEVY IKNGDK
HsBf VTKQLNEINYEDHKLKSGTNTKKALQAVYSMMSWPDDVP PEGWNRTRHVIILMTD HsBf TRALRLPP-----TTTCQOQKEELLPAQDIKALFVSEEEK= -—--—KLTRKEVY IKNGDK
MmC2  VITSLDSASYKDHENATGANTYEVLIRVYSMMQTQMDRLGME--TSAWKEIRHTIILLTD MMC2  NMALRRS P-—----GSTCKDHETELLSQOKVPAHEVALNG= ——-NRLNINLRTGPE
HsC2 VISSLENANYKDHENGTGTNTYAALNSVYLMMNNQMRLLGME--TMAWQEIRHAIILLTD HSC2 NLALRRPO-~--- GSTCRDHENELLNKQSVPAHFVALNG-—— ===~ SKLNINLKMGVE
. ok
MMg"™ binding site Mg" binding site T exon 15 in HsBf 7 g
=
SpBf  GFSNVGGAP----SKSAQPLKEDAA-=—-~=-=== LKIHCIGISRN-TDKTALAEIASPPV
L?Bf GRSNVG--P-PPGKFLMgNIDLDIP—— -~ KEHMDVYVFGMGDY~-~-YKDETETTASQKP SPBf  DSSCSIAMSAHG--------= IAVDTTTELCAGIER~-~KD--SCQGDSGGPLVVQRNNKY g%
BIBf GQANMGGNPKPKVDLIKNLVIKNNAS----RENKLDLYVFGVGKD~VKKEDMNGLVSEKK LiBf KEVCLKDIMAREN--VTEEKAEKHITENMLCAWNAT---AD--TCRGDSGGPLVLOKNRRW
Ol1Bf GAYNMGGSPLPTLARIKNRVYMSPTGDPGSRLDYLESYVFGIGAN-IFDDDLLPLTAGTE BrBf LDACVEDAKKAK---ESKWOMRRRQLOKISCGSGGNQPQRDDVSCKGESGGATHVDKYGRL 8
X1Bf GKFNMGGDPREEMKLIIRFLDIGIRTE-NPRLEYLDVYVFGLGSD-IDQPEINELASKKD OlBf RDLCIKKALKAK-~GITTTDPKVPVTDNFLCTGGD=-~-~RDHIACTGDSGGAVFKNYESRT Ei
MmBf GLHNMGGNPVTVIQDIRALLDIGRDPK-NPREDYLDVYVFGVGPL~VDSYNINALASKKD X1Bf RHACLDAAKKTP-ELKDVINIEDAVSDQFLCTGGLIPV-VDPPVCKGDSGGPLLVQVKRRY j—
HsBf GLHNMGGDPITVIDEIRDLLYIGKDRK-NPREDYLDVYVFGVGPL-VNQVNINALASKKD MmBf  KASCERDATKAQ-GYEKVKDASEVVTPRFLCTGGVDPY-ADPNTCKGDSGGPLIVHKRSRE o
MmC2  GKSNMGDSPKKAVTRIRELLSIEQN~--—— RDDYLDIYAIGVGKLDVDWKELNELGSKKD HSBf KGSCERDAQYAP-GYDKVKDISEVVTPRFLCTGGVSPY-ADPNTCRGDSGGPLIVHKRSRE =
HsC2 GKSNMGGSPKTAVDHIREILNINQK=~~~= RNDYLDIYAIGVGKLDVDWRELNELGSKKD MmC2  WTRCIQAVSQONKNIFPSLTNVSEVVIDQFLCSGMEEE---DDNPCKGESGGAVFLGRRYRE =
Rk . . *, .o HSC2 WTSCAEVVSQEKTMEPNLTDVREVVTDQFLCZGTQE-~-~DESPCKGESGGAVFLERRFRE =
N .. e w Ak R 5
~Serine Protease Domain P protease active site =
SpBf SE-HVEFYLSDYNELERAVEAITSTNR~-SYEECGESKHPSATSRIVGGSE~SHSGDWPWQA
LjBf NEQHSFILRDYDDLNEVFEKMLHADEKLFTQCGTSGTFRIPRARIAGGDPTKIELWPWQA SpBf RQIGIVSYGIG=-CGVT=-YGVYTRVPHY-———=-=c==c-mem VOWINGIINK===wmmmm oo
BrBf DERHFFKLPDLDEVQNTFDLMLDDST-VVGLCGMQQNYDGSN-KRS=—=mmmm=-=. AYPWLA LiBf IQVGIVAGGVAQHC KNIKS FYTNVAKMMPWVKRQI PDLNFGDV
OlBf GELHYFRLKKETNLAATFDDIIDENE-VIGLCGLHRDYELTADKDGK~~~-RR~RYPWVV BrBf IQIGYVSWGVKNLCS---KKRNLMQFSVS-~~DSRDYHINPF-==-ccrmmommm oo mmm oo —
X1Bf KEVHTFHLENVNKMKEFFELMLDESD-VLDTCGLSKYHSVEVDEKLR-~~-SLVMFPWIA O1Bf IQIALVSWGTQEICT---GGGMRETTPES----- RDFHINLFKMVPFLKSILGDDDQDDYAPLTFIN é'
MmBf NEHHVFKVKDMEDLENVEYQMIDETK-SLSLCGMVWEHKKGNDYHK- X1Bf VQVGIISWGTVDHCE~~--KGKRVKQTKSN----ARDFYQDIFKVMPWIKKTLEDSNESLTFLPN-~~
HsBf NEQHVFKVKDMENLEDVFYQMIDESQ-SLSLCGMVWEHRKGTDYHK- MmBf  IQVGVISWGVVDVCR---DQRROQLVPSY---~ARDFHINLFQVLPWLKDKLK~~DEDLGEL g
MmC2  GERHAFILQDAKALQQIFEHMLDVSKLTDTICGVGNMSANASDQER~ HsBf IQVGVISWGVVDVCK---NQKRQKQVPAH---~ARDFHINLFQVLPWLKEKLQ--DEDLGFL 5
HsC2 GERHAFILQDTKALHQVFEHMLDVSKLTDT ICGVGNMSANASDQER= === ===== MmC2  FQVGLVSWGLEDPCHGSSNKNLRKKPPRG-~VLPRDFHISLFRLQPWLRQHL-~~DGVLDFLPL~~~ o
ook . . *x HSC2 FQVGLVSWGLYNPCLGSADKNSRKRAPRSKVPPPRDFHINLFRMQPWLRQHLGD--~VLNFLPL-=~ 5
LI * =
e

FIGURE 3. Alignment of the vVWF and serine protease domains from SpBf and the vertebrate Bf/C2 family proteins. To simplify the analysis, theQCR
domains plus five amino acids were deleted, and the remaining domains were aligned with CLUSTAL W program (24), with some minor adjustmests b
hand. Positions of identity and similarity are identified below the alignment with stars and dots respectively. Domains and amino acids with fungfone
significance are labeled. Location of exon 15 from HsBf was identified from Volanakis (16). Accession numbers for sequences used in this alignmedt c:
be found in the legend for Fig. 5. Bf, factor B; C2, complement component C2St8mgylocentrotus purpuratugj, Lampetra japonicalamprey; Br,
Brachydanio rerio, zebra fish; OQryzias latipes, medaka fish; XXenopus laevi¢A gene); Mm,Mus musculus; Hdlomo sapien.

‘9T AInc u

the SCR domains, were used to calculate percentage of amino agmtotein sequences, alignments of full length and SCR-deleted s§
similarities and identities between the proteins (Table I). Results ofjuences of the sea urchin and vertebrate proteins were done f&t
this analysis show that SpBf is about equally similar to all Bf/C2 phylogenetic analysis. Outgroups consisted of either the three A
protein family members. Differences in the number of chargeddomains from VWF or three serine proteases chosen from the
amino acids in exon 15 from human Bf and C2 genes have beeBLAST results. All trees generated by these methods were similar,
suggested as a means to differentiate between these two genes (3Md a representative tree, using full-length sequences and the three
and this approach has been used to characterize the Bf/C2 homeWF A domains as the outgroup, is shown in Fig. 5. The alignment
logue from the medaka fish (31). There are very few chargedhat was used for this analysis is available by e-mail (see legend to
amino acids in the region of SpBf that align with the diagnosticFig. 5). Although some bootstrap numbers are low for some
exon 15, but this may have been due to the overall similarity bebranches, which correspond to minor differences between trees, the
tween SpBf and human Bf and C2 in this region being very poorposition of SpBf at the base of the Bf/C2 clade was consistent in
(Fig. 3). Consequently, to assess relationships among the Bf/Call trees. This suggests that SpBf predates the Bf/C2 duplication

SCR 1 CFRT,PESPANGYVFMR----- G-KSARS-----------—— IAV--YRCNPGFELHGORTVVC---NEATGSWIGD--VPRCERPPS~
SCR 2 C-PDPNEPS-GMLALVLDENSGIKHGDL~-------- YTERT-VENYTCOTGYHPTGDVTITCQN- =~~~ GSWEADADVPECNKII-~-
SCR 3 CApP-P-------- TLEPIEN-GTHNIENRT-----—- YNVGEMVQ-YECNEGYLVDGISWQVCOSHDGPNGIWS DNV--PRCKVAR- -
SCR 4 C-PHP----- GSRHLD---N-GEISFSPRNGOGATNSWPVGA-VMTLRCRSHLELLGSSERVCQPD-~---GHWNGTLTS--CHNEEYD
SCR 5 C---PAL---GNTIH—~---- GSKVGSPQ--—————— YRVNTKV-NFRCNHGYOMVGSEEFMCTFSEE----WIGEM--PRCMGRL~—
c P G X Xc G [+ GW B C
F

FIGURE 4. Alignment of the SpBf SCRs. The five SCRs from SpBf are aligned to each other with the consensus amino acids shown in bold and at th
bottom. Two disulfide bonds maintain the SCR domain structure and are formed between the first and third cysteine, and the second and fourth cystel
The alignment was done with CLUSTAL W (24) with significant adjustments by hand.
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Table I. Amino acid comparisons between SpBF and other Bf/C2 SCR domain similarities between SpBf and the vertebrate Bf/C2
family proteing family

Although SpBf shows significant sequence similarities to the

Full-Length Sequences  Sequences Excluding SCRs X . . X .
Bf/C2 family proteins, it was important to determine whether the

Vertebrate Bf/C2 ~ % Similar _ % Similar five SCR domains were a result of domain duplications in echi-
Proteins % Identical plus identical % Identical plus identical noderms. To understand the SpBf protein structure in more detail
LjBf 24.1 36.7 27.2 43.1 sequence similarities (or differences) between the five SCRs from
Brif 204 35.9 217 40.1 SpBf and the three SCRs from the vertebrate Bf/C2 proteins (i.e.,
OIBf/C2 19.9 32.9 214 35.5 the ingroup) were assessed through amino acid alignments and
XIBfB 22.6 34.1 2538 39.9 group gh s 9 .
MmBf 225 36.1 23.6 39.9 phylogenetic analyses. The SCR domains were employed as inde-
HsBf 21.3 35.6 23.0 40.1 pendent sequences beginning with the first consensus cysteine and
mmgz 22272 37-; ?23% 28-9 ending with the linker region between the SCR domains (four to

sC 3. 36. 6. 53 seven amino acids). Because the SCR domain is short, about 60

“See legend to Fig. 5 for accession numbers. amino acids, the degree of support for the branches within an in-

dividual tree was low. Consequently, a large number of trees were
generated from 18 runs that employed additional SCRs from other

) ) SCR-containing proteins. These additional SCRs were either used
event that appears to have occurred at some point during the evgs ie outgroup or were added to the ingroup (Table II). For the 18
lution of vertebrates (32) ano_l, therefore{ should be cc_)n_5|dered a B;;hylogenetic analyses that were done, the choice of SCRs for t
homologue. Furthermore, since the thioester-containing Compleéutgroup was based on a) distant phylogenetic relationship to de

ment component that has been i(_jentified i_n Fhe sea urchin is_ frostomes (Table II, run no. 18; Ref. 33), b) close phylogenetic
_hom_ologue of complement .CS’ being Ies; similar to C4 (15.)’ thISrelationship to deuterostomes (Table I, run nos. 15-17; Refs. 34201
implies the presence of a simple alternative pathway and, in tur

. o . rl38) ¢) SCRs with known protein binding function (Table II, run g
this also indicates that SpBf is a homologue of vertebrate Bf. nos. 7-14; Refs. 39—42), d) SCRs with putative spacer functio@

(Table II, run nos. 1-3; Ref. 43), and e) SCRs with known three-
dimensional structure (Table II, run nos. 4—-6; Refs. 44 and 45). Ii5
some cases, SCRs with documented C3 binding function were irs
cluded with the ingroup (Table II, run nos. 2—6) to increase th
HsvWFA3 ingroup size. The number of trees generated from individual runs:
ranged from 1 to 20 (Table II), and, when more than one tree wa

w

W

HsvWFA1

HsvWFA2 obtained, strict consensus trees were calculated for subsequéat
. o
51 SpBf analysis. =
All trees were inspected, and the frequencies with which thes
Ligf vertebrate SCRs clustered into independent clades are showngn
Brif Table IV and the frequencies with which SpBf SCRs clustered
94 with vertebrate SCR clades are shown in Table Ill. Because n@
83 52 OlBf individual tree demonstrated all the results shown in Tables Il and
IV, no tree is shown. This analysis revealed several interesting
ﬂ_[ MmC2 points. First, the three SCRs from the vertebrate Bf/C2 protein$,
HsC2 tend to cluster into separate clades rather than to form multiple 6P
84 mixed clades, indicating that this approach for amino acid se§
100 XIBfA guence comparisons is sensitive enough to identify sequence dif
XIRIB ferences between the SCRs in the Bf/C2 proteins (Table V). Sec-
75 ond, the five SpBf SCRs tend to cluster with certain vertebrate
100 MmBf SCR clades (Table Il1). This result suggests that a) SpBf SCRs 1
—i___ HsBf and 2 are most similar to vertebrate SCR 1, b) SpBf SCR 3 is most

similar to vertebrate SCR 2, ¢) SpBf SCR 4 is similar to both
FIGURE 5. Phylogenetic relationships between members of the Bf/C2yertebrate SCRs 2 and 3, and d) SpBf SCR 5 is most similar to
family proteins. The tree was constructed using the PAUP program (251/ertebrate SCR 3. In addition, in almost all cases, when a sea
from an alignment done with CLUSTAL W (24). The alignment used 10 , . in SCR clustered with a vertebrate SCR clade, it almost al-
generate this tree can be obtained by contacting the EMBL server by e- "
mail. Send the request to Netserv@ebi.ac.uk and include in the messaeﬁéa‘yS fell at the base of the qlade. The one exception Was that,
GET ALIGN:DS33817.DAT. Two analyses were done using different out- when SpBf SCR 5 clustered with vertebrate SCR 3 clade, in three
groups. The figure shows the result when three A domains from the humaff twelve cases it was positioned terminally (data not shown). In
VWF protein were used as the outgroup. The outgroup for the second tregeneral, this analysis shows that the SCRs in SpBf are in the same
included three serine proteases that were chosen from the BLAST searcklative order in the protein as the SCRs in the vertebrate Bf/C2
results (tree not shown). No significant differences between these two treg§roteins in terms of sequence similarity. Furthermore, this analysis
were seen with respect to the position of SpBf within the vertebrate Bf/czindicates that a structural condition of five SCRs may be ancestral

clade. Minimum tree length was 3107. The degree of support for interna . .
branches was assessed using the bootstrapping method with 1000 replic‘trg\)-r the BI/C2 protein family and that, therefore, the vertebrate

tions, and bootstrap numbers are shown. Accession numbers: SpBP,rOteInS m_ay havg lOSt_ two. The information preseptgd hgre on
AF059284; LjBf, D13568; BrBf, U34662; OIBf, D84063; XIBfA, D29796; phylogenetlc relatlonshlps that includes sequence similarities be-
XIBfB, D49373; MmBf, M57890; MmC2, M57891; HsBf, X72875; HsC2, tween the SCRs (Tables II, Ill, and 1V) and the overall compari-

X04481; HsVWF, X04385. sons of the SpBf and the vertebrate Bf/C2 proteins (Fig. 5) suggest
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Table 1l. SCRs used as outgroups and additions to the ingroup for amino acid sequence analysis of SCRs
from SpBf and the vertebrate Bf/C2 family

Run SCR SCRs Used as SCRs Added to Trees
No. Source the Outgroup the Ingrouf® Generated
1 HsFactorH 15th 10
2 HsFactorH 15th HsDAF,1-4 19
3 HsFactorH 15th HsFactorH, 1-3 HsDAF, 1-4 2
4 HsFactorH 16th 4
5 HsFactorH 16th HsSDAF, 1-4 1
6 HsFactorH 16th HsFactorH, 1-3 HsDAF, 1-4 4
7 HsFactorH 1st 12
8 HsFactorH 2nd 8
9 HsFactorH 3rd 1
10 HsFactorH 2nd and 3rd 6
11 HsDAF 1st 3
12 HsDAF 2nd 2
13 HsDAF 3rd 13
14 HsDAF 4th 14
15 HrMASPa 2 SCRs each 8
HrMASPb
HsMASP1
HsMASP2 o
16 HsClIr & HsCls 2 SCRs each 20 %
17 HrMASPa & b 2 SCRs each 6 3
HsSMASP1 & 2 o)
HsC1r and Cls g
18 TtFactorC 5 SCRs 10 %
2The ingroup consisted of the five SCRs from SpBf and the three SCRs from each of the vertebrate Bf/C2 proteins shown %
in Table I. Protein alignments were done on CLUSTAL W (24), and phylogenetic relationships were analyzed with the PAUP =
program (25). DAF, decay-accelerating factor; Hialocynthia roretzi, tunicate; TtfTachypleus tridentatus, horseshoe crab. _g
Accession numbers: HsFactorH, Y00716; HsDAF, M30142; HrMASPa, D88204; HrMASPb, D88205; HsMASP1, D28593; =
HSMASP2, Y09926; HsClr, MI4058; HsCls, X06596; TtFactorC, D90271. %
that SpBf should be considered a new and ancestral member of thidote that the transcript size of 5.5 kb is significantly longer thang
Bf/C2 protein family. 3.1 kb obtained from the cDNAs. As discussed above, this differ§
o o ence is probably based on sequences missing from botH #edS %
Sp152 gene expression in sea urchin tissues 3’ UT regions. In the absence of a liver equivalent in sea urching

We have previously shown that transcripts from the SpC3 gene(or a hepatopancreas as is found in sea stars), the expression pgt-
Sp064, are specifically expressed in coelomocytes (15). Since ttierns of both SpBf and SpC3 (15) indicate that the coelomocyteg
original clone, EST152, was obtained from the an LPS-activatedire the major source of complement components.
coelomocyte cDNA library (14), we were interested to know
whether expression of th&p152gene was also coelomocyte spe-
cific. The poly(A)" RNA gel blot of major sea urchin tissues (coe- In most vertebrates, Bf is a single copy gene, although Bfen =
lomocytes, ovary, testis, and gut), originally probed w064  nopusand trout appears recently duplicated (46, 47) and Bf and C#®
transcripts (see Fig. 6 in Ref. 15), was stripped and reanalyzed withre generally considered to have arisen from an ancient duplicatics
a PCR probe generated from the 152S subclone (Fig. 1). The blah a common ancestor of mammals (48). To determine whetheto
shows that a single transcript of 5.5 kb is present in coelomocyteSp152is a single copy gene per haploid genome, we probed a
and that this band is either very weak or absent in the other majogenome blot of sea urchin DNA isolated from three individuals
adult tissues (Fig. 6). The weak bands seen in the gonad tissuesid digested as previously described (15, 49). The genome blot
may be due to low level expression in these sea urchin tissues avas analyzed at high stringency with a PCR-generated DNA probe
may be due to expression by coelomocytes that were present in ¢hat corresponded to the SCR region of the ORF (500 bp, 152S; see
on these organs at the time of tissue collection and RNA isolationFig. 1). One or two large bands=(L2 kb) were seen for all three
individuals when the DNA was digested wittpnl or BamHl,
suggesting thaBpl152is a single copy gene (data not shown).

Spl52gene copy number

AInc uo 19

Table Ill. Frequency of SpBf SCRs to cluster with certain vertebrate
Bf/C2 SCR3

Table IV. Frequency of SCRs from vertebrate Bf/C2 proteins to cluster

Vertebrate Bf/C2 SCR Clusters (%) in single vs multiple cladés

SpBF SCRs SCR 1 SCR 2 SCR 3
Vertebrate Clusters in a Single Clusters in Multiple
SCR 1 67 15 18 Bf/C2 SCRs Clade (%) Clades (%)
SCR 2 60 18 21
SCR 3 20 50 30 SCR 1 100 0
SCR 4 13 438 43 SCR 2 83 17
SCR 5 16 32 51 SCR 3 67 33

2The clustering of the SpBf SCRs with vertebrate SCR clades was assessed from 2 The formation of a single or multiple clades of vertebrate SCRs was assessed
18 phylogenetic analyses using outgroups with some additions to the ingroup akom 18 phylogenetic analyses using various outgroups and some additions to the
shown in Table II. ingroup as shown in Table II.
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COTG each SCR in complement binding. Although all three SCRs in
E human C2 and Bf are involved in binding C4b and C3b, respec-
SpBf 5.5kb tively, the third is most important and the first is least important in

this interaction (56-58). While the four N-terminal SCRs in factor

H are involved in binding C3b, the second and third are the most
L§ =®@®® |ckb important (39, 43). Similarly, for human decay-accelerating factor,
SCRs two through four are essential for binding C3b and inhibiting
Sthe alternative pathway (41), with the third being most important
and the first being least important (40). Together, these studies
show that the first SCR in the vertebrate proteins is not very im-
portant for binding function, while the third SCR is essential.

H theecoR| digests in all | h d ft f ei htThese functional analyses of the three vertebrate Bf/C2 SCRs and
owever, co Igests In all lanes Snowed a pattern of eignty, respective importance in complement binding is reflected in

smaller bands ranging in size from 0.5 to 8 kb. This result is more i . S
difficult to understand without data on the intron/exon structure ofour phylogenetic analyses by the clustering of these domains into

. . ~ independent clades (Table IV).
the Sp152gene, but at present our interpretation of the multiple . N . .
bands in theEcoRI digest for the three sea urchins is as follows. Phylogenetic analyses were initially used to identify sequence

similarities between sea urchin and vertebrate SCRs, but, because

The probe sequence spans the region of the cDNA from nt 522 to .
. S Its show that the th tebrate SCRs clust t -
nt 1032 (Fig. 2), which includes part of two and all of two more our resu’ss siow fha: tne three vertebrate S custer o sepa

. _ rate clades (Table 1V), we have assumed that sequence similarit
SCRs. Because these domains are generally known to be contain gl ( ) q y

- ; n be used to infer functional similarity. Consequently, our datay
within separate exons (50, 51), this suggests that the probe m . -
bind to four exons in th&p152gene. If each of the three introns a%’uggest that, since SCRs 1 and 2 from SpBf are similar to SCR 2

a . i from the vertebrate Bf/C2 proteins, these domains may be le
peMeen the SCR exons cqntalns RI 5|_te, th.'s would result important in protein interactions. Similarly, since SCRs 3, 4, and 8§
in eight bands on akcoRI digest for a diploid animal. In general

_ ! ' from SpBf imilar to SCRs 2 and 3 from the vertebratd
the genome blot results are consistent withkKpnl and BamHI rom SpEt are more simiiar 1o S < an rom fhe veriebrates,

. . . . proteins, these SpBf SCRs may be more important in protein ing
sites located outside of the SCR regions from two alleles resultlngf P y P P E

; 3
; S X eractions.

in one or two large fragments hybridizing with the probe, and 2) =
EcoRl sites located between each of the SCR exons, which would 2
separate them into smaller fragments to which the probe woultModel of the sea urchin complement cascade §

hybridize. These results, as interpreted, are consistent with a Sing{ﬁle hypothesize that the SpBf and SpC3 proteins function togeth

copy gene per haploid genome. as part of a simple complement system to opsonize foreign cell
Di . particles, and molecules that augments their removal and destrug:

ISCussion tion by phagocytic coelomocytes. This simple sea urchin comple&
This is the first identification of a factor B homologue from an ment pathway might function like the “archeo-complement sys-Q
invertebrate. Like vertebrate Bf/C2 proteins, SpBf is a mosaic protem” that was first proposed by Lachmann (59), which would makes
tein composed of SCRs, a VWF domain, and a serine proteaseessentially homologous to the alternative pathway in vertebrateé
domain. Highly conserved regions in the SpBf protein include theOpsonization would begin with spontaneously activated SpC3 irﬁ
SCR consensus positions, a putative factor D cleavage site argblution, in the form of SpC3(kD), which would become bound o
Mg?* binding sites within the vVWF domain, and conserved posi-as SpC3b to a foreign surface by its thioester site and would Sulz,
tions within the serine protease domain required for protease acequently be bound by SpBf. The change in conformation of boun
tivity (Figs. 2 and 3). The homology to Bf rather than C2 is basedSpBf would result in its cleavage by a putative factor D. The pos+
on sequence comparisons from alignments (Fig. 4), phylogenetisible interaction between SpC3 and SpBf is supported by the corp
trees (Fig. 5), and BLAST searches (lamprey Bf was consistentlserved Mg* binding sites and the conserved cleavage site forg
the best match, with the top 12 matches being to other Bf or CZactor D in the SpBf sequence (Figs. 2 and 3). The involvement of
proteins, data not shown). The Bf homology is also supported byMg®* and the Mg* binding sites within the vVWF domain has
the fact that C2 proteins have not been found in animals other thaheen implicated in Bb binding to C3b after factor D cleavage of
mammals (52-54), indicating that, in nonmammalian vertebratesyertebrate Bf (28). The SpC3b-SpBb complex would then function
Bf must function in both classical and alternative pathways (32).as a C3 convertase through the activation of the SpBf serine pro-
This has, in fact, been shown to occur in trout where two Bf pro-tease domain, creating an amplification feedback loop to cleave
teins function in both pathways (47). Finally, the homology to Bf and activate more SpC3 for deposition onto the foreign surface.
is implied from the predicted function of SpBf, which is the in- The feedback loop is inferred from the conserved C3 convertase
teraction between SpBf and the recently identified sea urchin C8leavage site in the deduced SpC3 sequence (see Fig. 3 in Ref. 15)
homologue SpC3 (15). This appears similar to the simple compleand from the sizes of SpC3 fragments in activated coelomic fluid
ment system in lamprey, which is also composed of C3 and Bf (19(W. Al-Sharif and L. C. Smith, unpublished observations). Frag-
20). Together, these two sea urchin complement components mayents indicate that SpC3 convertase cleavage site is functional (W.
be part of a simple complement system that is homologous to thél-Sharif and L. C. Smith, unpublished observations). The feed-
alternative pathway in vertebrates. back loop of the archeo-complement system would result in effi-

The SCR domains in complement components are commonlgient opsonization of foreign cells or particles that, in turn, would
involved in protein-protein interactions. Three-dimensional struc-act to augment phagocytosis by coelomocytes bearing a putative
ture analysis and electron microscopy of SCRs have indicated thaiomplement receptor. The efficiency, speed, and extent of opso-
they are small globular domains like “beads on a string” (55) andnization that occurs as a result of this feedback loop would be
that binding pockets are formed between two adjacent SCRs (4&dvantageous over simple opsonins and might make this simple
44, 45). SCR deletions, order swapping, and site-directed mueomplement system an important defense mechanism for the sea
tagenesis in a number of proteins have indicated the importance afrchin.

FIGURE 6. Spl52gene expression in adult sea urchin tissues. The 152
subclone (Fig. 1) was used to probe a poly(A3NA gel blot as described in
Materials and MethodsC = coelomocyte, O= ovary, T = testis, G= gut.
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The identification of two MASP proteins in the tunicatalo- 10.
cynthia roretziis evidence for the presence of a lectin complement
pathway in this species (38), and this information is important for
understanding the early evolution of the complement system in
invertebrate deuterostomes. The authors suggest that the lecttf
pathway was the first complement activation mechanism to evolves,
(38). Our data, on the other hand, indicate that the sea urchin
complement system could function in the absence of a lectin path1
way because of the conserved thioester and C3-convertase sites in
SpC3 and the conserved factor D site in SpBf. Although homo-
logues for MBL or MASP have not been identified in the sea ¢
urchin, this does not suggest that a lectin pathway is absent, and,
conversely, because a Bf homologue has not been identified in
tunicates, this does not suggest that an alternative pathway is ab®
sent from ascidians. Indeed, the presence of an alternative pathway.
in the sea urchin infers its presence in tunicates. Based on the
available data on complement proteins in sea urchins and tunicates,
it is not possible to discern which mechanism for activating C3 (C31s.
convertase or MBL-MASP) is more ancient, but we predict that

both will be found to function in both groups of animals. 10.

Immune homology within the deuterostomes

The echinoderm immune system has previously been characteriz&d
as a nonspecific, nonadaptive response (6, 8), and there was noth-
ing about this system that characterized it as anything other than -
typical invertebrate immune system. However, this has now

changed. With the identification of a simple complement system irp2.
the sea urchin, this establishes immune homology within the entire
lineage of the deuterostomes and differentiates immune function&™
in deuterostome invertebrates from those in protostomes. Contire4,
ued analysis of the sea urchin complement system not only will

clarify our characterization of the echinoderm immune response

but also, through comparisons with homologous systems in thes.
vertebrates, will advance our understanding of changes that have
occurred during evolution in the deuterostome lineage that culmi-
nated in the complex and multitiered immune system that func-

tions in mammals. 27.
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