Sea Urchin Coelomocytes Specifically Express a Homologue of
the Complement Component C3
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A homologue of complement component C3 (SpC3) has been cloned and sequenced from the purple sea urc®irgngylocentrotus
purpuratus. The preprocessed, deduced protein size is estimated to be 186 kDa with a short leader and two chainand 8. There

are cysteines in conserved positions for interchain disulfide bonding, and there is a conserved thioester site in taehain with an
associated histidine. There are five consensé-linked glycosylation sites, and putative cleavage sites for factor | and C3 con-
vertase. Partially purified SpC3 on protein gels shows a nonreduced size of 210 kDa and, under reducing conditions, reveals an
a-chain of 130 kDa and aB-chain of 80 kDa. These sizes are larger than the deduced sizes, suggesting that the protein has
carbohydrates added to most of the consensus-linked glycosylation sites. Phylogenetic analysis of SpC3 compared with other
members of the thioester protein family, which includes C3, C4, C5, and,-macroglobulin, shows that SpC3 is the first divergent
complement protein, falling at the base of the complement protein clade. Transcripts from the SpC3 gene (Sp064) are 9 kb, and
the gene is expressed specifically in coelomocytes, which are the immunocytes in the sea urchin. Genome blots suggest that SpC3
is encoded by a single copy gene per haploid genome. This is the first identification of a complement component in an invertebrate,
and suggests homology of the innate immune system within the deuterostome lineage of animalsthe Journal of Immunology,
1998, 160: 2983-2997.

a complex of inter-regulated systems, including both surfaces. It functions in place of Clq (2, 3), and the mannan-

adaptive and innate reactivities to foreign Ags, that arebinding lectin-associated protease functions in place of Cls and
mediated by cellular and humoral systems. One of the major efC1r to activate either C4 of the classical pathway (4—6) or C3 of
fector arms of the immune response is complement that is comthe alternate pathway (7).
posed of about 30 distinct humoral and cell surface proteins. The Complement component C3, the central component in all cas-
Comp|ement System Comprises three Convergent pathways (C|as§|ades, is the most versatile and multifunctional molecule of the
cal, alternate, and lectin) that function to amplify the initiating COmMPlement proteins (8). Not only does it function in the comple-
signal through feedback systems of serine protease activities. THBENt cascades, butitinteracts with cell surface proteins on self and
pathways converge and activate the terminal or Iytic cascaddC'eign cells to initiate and augment immune responsiveness, and
which results in the destruction of foreign cells through the for- it interacts with an array of proteins that regulate its activity (9—

mation of the membrane attack complex. The activities of theséu)' C3 also has opsonin functions and is important in immune

cascades are controlled by mechanisms that involve additional re surveillance and host protection against microbial infection by

. . L .augmenting phagocytic removal and destruction of invading
ulatory proteins. The classical cascade is initiated through Spec'flcathogens by phagocytic cells bearing receptors for C3b. Further-

Ag-Ab interactions and can be considered an effector system Oﬁwore the breakdown product of complement component C3, C3d
adaptive immunity. The alternative cascade, part of the innate rez o1 bound to the Ag, is remarkably efiective in augmentin’g the
sponse, is initiated by the complement component C3 that undefzmnogenicity of foreign Ags to activate a specific immune re-
goes a constant, low level spontaneous autoactivation reaction, eronse (12). Clearly, C3 functions effectively in both the adaptive
abling it to bind to molecules (reviewed in Ref. 1). The lectin gang innate immune responses and acts to link them together. Yet
pathway, also part of the innate system, is initiated through thgecause of the complex and essential activities of C3 in the higher
vertebrate, this creates problems in studying each C3 function in-
dependent of the others. One means to understand the complexities
and evolution of the higher vertebrate complement system and the
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coelomocytes from the purple sea urcHstrongylocentrotus pur- and in some cases, inserts were subcloned into Bluescript (Stratagene, La
puratus(14). This study was then followed by an investigation of Jolla, CA).

genes expressed in these LPS-activated coelomocytes (15). Of the 1€ arrayed library was screened with a random prirfigttiabeled
probe generated from a deletion clone that was made for sequencing, and

307 expressed sequence tags (ESTat were reported, one consisted of approximately 500 bp of theehd of pExCell14 (Fig. 1). The
(ESTO064) encoded an amino acid sequence that showed significagiéletion clone was first used as a PCR template with the M13-40 primer
similarities to the thioester family of complement proteins. We and a primer specific for Sp064 (TCTAAGCAGGTAGACAGC; see Fig. 2,
report in this work the completed sequence of the EST064 CDNApuclgotides 1988 to 2001). After_amplification of the insert, tHe 5
olylinker was removed byecoRI digestion, producing a 160-bp PCR

hereafter called Sp064, which shows that it encodes a homOIOg'“ﬁaagment, which was isolated by gel electrophoresis and eletroelution. The

of complement component C3, called SpC3. The Sp064 gene agragment was then labeled wifiP by random priming.
pears to be single copy per haploid genome, and transcripts are Filters spotted with DNA from the arrayed library were prehybridized
present only in coelomocytes. The encoded protein, SpC3, is fount®r 1 h at 65°C in 5XSSPE (20>SSPE is 3 M NaCl, 0.2 M NajP0O,, and

. - : : : P 20 mM EDTA, pH 7.4), 5 Denhardt’s solution (58 Denhardt’s is 1%
in the coelomic fluid and is composed of two chains. This is theBSA (fraction V: Sigma Chemical Co.. St. Louis, MO), 1% polyvinylpyr-

first identification of a complement component homologue €X-rolidone, and 1% Ficoll type 400), 0.5% SDS, and 2/ml denatured
pressed in an invertebrate. Because sea urchins are phylogenesiimon sperm DNA (type VI; Sigma Chemical Co.). Denatured probe was
cally related to vertebrates, both groups being deuterostomes, thegeded and allowed to hybridize for 16 h at 65°C. Filters were washed twice
data indicate that a simple complement system was present in tHfar 10 min each at room temperature in SSPE with 0.1% SDS, followed

: ! i , follov
deuterostome ancestor rather than the vertebrate ancestor and t trtgrﬁixv ?nsgjst:; }r? gz;?aﬁaﬁ?agﬁi% gs'leé" tg%ﬁnafto?i% ';':;ir;i ds

itis a far more ancient system than had been previously assumegere isolated from positive clones for subsequent characterization.

Materials and Methods CDNA sequencing

RNA isolation Sequencing was conducted on plasmid DNA according to the
dideoxynucleotide termination protocol (19) using the TaqTrack sequenc-

Isolation of total RNA from coelomocytes and other adult tissues was donéng kit (Promega Corp.) and incorporating-f>SJdATP (DuPont NEN,

according to Smith et al. (16). Briefly, coelomic fluid (40 ml) was poured Boston, MA). Sequencing reactions were electrophoresed on a 6% acryl-

through sterile cheese cloth and mixed into 10 ml of cold'Gand Mg *- amide gel with 0.& TBE (10X TBE is 0.9 M Tris, 0.9 M boric acid, and

free sea water (17) containing 30 mM EDTA, pH 7.4 (CMFSW-E). Coe- 20 mM EDTA, pH 8.3) running buffer, after which the gel was dried and

lomocyte pellets and minced solid tissues were vortexed and homogenizaegkposed overnight to BioMax MR-1 x-ray film (Eastman Kodak). For

using a dounce homogenizer in guanidinium thiocyanate extraction buffetlones longer than several hundred nucleotides, such d@scthRl toNotl

(5 M guanidinium thiocyanate, 50 mM sodium acetate, 50 mM EDTA, 50 fragment of pExcell139 and all of pExCell14 (see Fig. 1), insert fragments

mM Tris, pH 7.4, and 5%B-mercaptoethanol), to which was addsd  were subcloned into Bluescript (Stratagene), and the Erase-a-Base kit (Pro-

lauroyl sarcosine to a final concentration of 2%. Total RNA was pelletedmega Corp.) was used to create a nested set of deleted clones. Sequences

through a cushion of 5.7 M CsCl containing 50 mM sodium acetate and 5Qvere analyzed using the MacVector sequence analysis program (Eastman

mM EDTA at 1¢ X g in either a Ti60 fixed angle rotor (Beckman Instru- Kodak) and the AssemblyLIGN sequence assembly program (Eastman

ments, Fullerton, CA) or a swinging bucket rotor (Sorvall, Newtown, CT) Kodak) on a Power Macintosh (Apple Computer, Cupertino, CA).

at 20°C for 20 h. Pellets were washed in 70% ethanol, resuspended in . . . .

RNase-free water, extracted in phenol/sevag (1:1) (sevag is 24 parts chig2rotein alignment and phylogenetic analysis

roform, 1 part isoamyl alcohol), precipitated, and resuspended in RNas

free water. Poly(AJ RNA was isolated using oligo(dT) magnetic beads

(Dynal, Great Neck, NY).

©The cDNA sequence was used to run a basic blast search of GenBank (20),
and several of the matched sequences were used to construct protein align-
ments with the Clustal W program (21). Without altering the default pa-
rameters, a number of variations were used to obtain the best alignment.
We defined “best” alignments to be those in which the thioester site and
The LPS-activated coelomocyte cDNA library was constructed using thgunctions between chains corresponded best between the various proteins.
Time Saver cDNA kit (Pharmacia, Piscataway, NJ) according to kit in-It was noticed that the order in which the proteins were listed slightly
structions. The first strand of cDNA was made from Poly{(/gNA with affected the alignment results using Clustal W. Therefore, the order was
a random primer containing lotl site. AnEcoRI adapter was ligated to changed in several runs to obtain the best alignment. These variations
the 5’ end, and the cDNA was directionally cloned im&xCell phage  included 1) listing SpC3 first, followed by the other proteins arranged from
arms (Pharmacia), as previously reported (15). An arrayed cDNA libraryiower to higher phylogenetic order, 2) keeping multiple proteins from the

was directionally constructed from nonactivated coelomocyte poly(A) same species together, and 3) listing éemacroglobulin &, M) protein

RNA using the samélotl/random primer, but with Sall adapter at the 5°  family last. The best alignment on Clustal W was verified by using a sec-
end. The cDNA was ligated into the pSPORT vector (Life Technologies,ond alignment program, DNASIS version 2.1 (Hitachi, San Bruno, CA). To
Grand Island, NY) and electroporated into DH10b bacteria. Individual col-optimize the alignment on DNASIS, various gap penalties were tried (5,
onies were inoculated into 384-well microtiter plates according to thel0, 25, 50) and then kept at 5. The fixed gap penalty (10, 25, 50, 100) and
methods of Maier et al. (18). The arrayed library consisted of approxi-floating gap penalty (10, 25, 50, 100) were adjusted separately and in
mately 92,160 clones. PCR products of clone inserts (18,432) were spottegbmbinations. We found that alignments with DNASIS could not be im-

cDNA library construction

in duplicate onto five Hybond N nylon filters, 22 cmXx 22 cm (Amer- proved over that generated by Clustal W, and results from the two pro-

sham, Arlington Heights, IL) for screening. grams agreed best when the gap penalties on DNASIS were maintained at
the default settings.

Screening cDNA libraries The PAUP program (version 3.1.1) (22) was used with standard set

. . parameters (character types were set as unordered, and character weights
The AExCell Ilbrary was screer_1ed ysﬁ@—le}beled RNA probes that were _were set as 1) to compare and assemble multiple sequences from the
generated according to technical information from Promega Corp. (Maditjystal W alignments into a phylogenetic tree. Slightly different alignments
son, WI) and as previously reported (16). Filters were prehybridized for 2 lyogting from different ordering of the proteins in Clustal W were used in
in hybridization solution (50% formamide, 250 mM phosphate buffer, pH e pAUP program to identify the shortest tree. The heuristic search
7.4, 1 mM EDTA, 0.1% BSA, and 7% SDS), and then incubated with the yethod was used with various search options to obtain the shortest tree.
probe at42°C overnight in a rotating oven (Robbins Scientific, Sunnyvalesrpo general search options were set to keep minimal trees only and to
CA). Final washes were conducted at 68°C in $SC (0.15 M NaCland  ¢|japse zero-length branches. The stepwise addition searches were either
15 mM sodium citrate, pH 7) with 1% SDS. Filters were exposed overmghtsimple or random with seed numbers of 1, 50, and 100. The degree of
to X-OMAT XAR-5 x-ray film (Eastman Kodak, Rochester, NY), and g,nn0rt for internal branches was assessed using the bootstrapping method
positive plaques were rescreened once to purify the phage clones. Phaggqh 1000 bootstrap replications.
mids were released according to manufacturers’ instructions (Pharmacia), ) ) )

Preparation of anti-SpC3 antiserum

3 Abbreviations used in this paper: EST, expressed sequence.idd; a,-macro- A rabbit antiserum was produced against the peptide, DNAKVQEEVD
globulin; nt, nucleotide; UT, untranslated. VSPSIGR (see Fig. 2), which was chosen from the amino acid sequence
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FIGURE 1. Map of cDNAs that span Sp064. This schematic drawing shows some of the clones that were isolated and sequenced in analyzing Sp064.
pExCell clones were isolated from the LPS-activated coelomaditeCell library (15), and pSPORT clones were isolated from the nonactivated coelo-
mocyte-arrayed cDNA library. Some of thé 3T region is missing from Sp064 since the poly(Ail was not identified. In addition, much of thé 8T

region is also missing. ThEcoRI (R1) andXbal sites were used for orienting clones relative to each other and for subcloning. Templates for generating
RNA antisense probes and PCR-amplified DNA probes (denoted as black ends) were used in screening libraries, the Northern blot, and the genome bl

deduced from Sp064 and was based on predictions from the human Olotted, cut out of the filter, and subjected to Edman degradation, using an
structure that it would be located on an exposed region o&thbain and 473 protein sequencer (Applied Biosystems).

would therefore produce a useful anti-peptide antiserum. The peptide was

synthesized using a 430A peptide synthesizer (Applied Biosystems, Foster

City, CA), conjugated to keyhole limpet hemocyanin using glutaraldehydeResults

(23), mixed with complete (first injection) or in CFA (second and third |golation and sequencing the SpC3 cDNAs
boosts). The rabbit received three injections given weekly, after which it

was bled weekly for 3 wk. The serum was collected and store€78°C. A cDNA, identified as encoding a putative sea urchin complement
Specific anti-peptide Abs were obtained by affinity chromatography.component, was one of 307 clones that were partially characterized

The synthetic peptide was coupled to activated CH-Sepharose 4B (Phaffom the LPS-activated coelomocya&xCell library, and was re-
macia) according to the manufacturer’s instructions. The peptide column )

was equilibrated with PBS containing 10 mM EDTA, and 2 ml of the rabbit ported as expressed sequence tag 064 (EST064) (15). In prelimi-
antiserum containing 10 mM EDTA was passed over the column twicenary BLAST (20) searches of GenBank, EST064 matched to cobra
U_nbound protei_n was washed with PBS, and the specific _Ab was e_Iuted:s (27), human and mouse C3 (28, 29), mouse sex-limited protein
x'ézigéyng;ﬁfﬁgﬁé zglbyThé'ngil:% r?"(')foi t,r\‘/le Terliit?-idcflra;ﬂogs vagiitl)r/n- (30), in addition to a few others. This result suggested that EST064
purified Ab was stored at 70°C. ' ’ encoded a new member of the thioester gene famlly_. T8 of _
pExCell064 (Fig. 1) was used to rescreen the same library to obtain
Purification of SpC3 protein from coelomic fluid additional clones. The initial screen yielded 144 clones, 43 of

Sea urchin C3 was partially purified from coelomic fluid using modifica- Which .rescreened positi\(e, and 12 of which were chosen for se-
tions to published methods (24). Coelomic fluid was pooled from severafjuencing based on the size differences of thegrids. Sizes were

sea urchins to which had been added EDTA (3 to 15 mM, final concendetermined by PCR using Sp6, a primer that hybridizes to the 5
tration), PMSF (2 mM, final concentration; Sigma Chemical Co.), and polylinker of the phagemid, and an insert-specific primer that hy-

pepstatin A (1 to 10M, final concentration; Sigma Chemical Co.). Coe- | . 7. .
lomocytes were pelleted, and the cell-free fluid was storedZi°C until bridized to the Send of pExCell064. Because this set of clones

further purification could be conducted. Forty milliliters of sea urchin coe- had approximately 100- to 200-bp increment differences in size,
lomic fluid were concentrated with an Amicon filter (10-kDa cut-off) (Ami- this created a natural deletion set for sequencing. Three
con, Bedford, MA) to 2 ml, and the sample was passed through a PD-10 gghExCell139, 063, and 054) of the 12 clones from this set are
filtration column (Pharmacia) to exchange the buffer to 10 mM phOSphateshown on Figure 1. The sequence obtained from therfils of

pH 7.5. The concentrated coelomic fluid was precipitated with 4% poly- . .
ethylene glycol, by stirring for 30 min at 4°C, followed by centrifugation th€se 12 clones was published as the deduced protein, and was

at 15,000 g for 20 min. The supernatant was brought to 16% polyeth- shown aligned with other complement protein family members
ylene glycol by stirring at 4°C for 30 min and centrifuging as before. The (see Ref. 15, Fig. 1). However, at the time, it was not clear whether

pellet was then resuspended in 10 mM phosphate buffer, pH 7.5, and aFSpCS was homologous to C3, C4, or C5, although it did not appear
plied to a Mono Q HR 5/5 anion exchange chromatography column (Phar

macia) that had been equilibrated with the same buffer. Bound protein§0 bea, M (15). .

were eluted with a linear salt gradient (0-500 mM NaCl), and fractions Because the total sequence length of these overlapping clones
containing SpC3 were identified by gel electrophoresis and Western blot(shown in Fig. 1 as pExCell054, pExCell063, pExCell064, and
ting using the affinity-purified anti-SpC3 peptide Ab. pExCell139) covered only about one-half of the estimated open
reading frame and only about one-half of the transcript, the
AExCell library was screened a second time. The first 450 bp of
Purified protein was subjected to SDS-PAGE under reducing conditionEEXce”054 the 5most clone of the set (Fig. 1), was used to make

and electroblotted onto ProBlott membranes (Applied Biosystems), and th . . .
NH,-terminal sequences of the protein chains were obtained by using nother riboprobe that yielded 84 clones, of which 18 rescreened

modification of the method of Matsudaira (25), as previously described?0sitive. The clone with the longest &nd, pExCell14 (Fig. 1),
(26). The individual SpC3 chains were separated by SDS-PAGE, electrowas sequenced in its entirety using nested set deletion clones.
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TCGGTGCGGCATCTCTCCTGAATTCTAACCTACTGCATGATCAGTCAAGGAGCTGCAGATTCCTCCTAGGT TTGGTAAAGACGAAACTGCTTACCGAAGACGTGGTCAATGACTGGTGTC 120

121 TCGACCACCATGGGGTCGATTATTCTCATCTTCGTACTCGCGATTAGTGCATCACT TGTACCGGGAGGGGTGACT CAAGATCCACCTGCGACCTTTTTCGTGATCTCTCCTAACGTGTTT 240
1 M G s 1 1 L I F VL AISASULV?PGGV T QDU&PZPATTFUFV I S PNUVF 37
Kozak sequence Leader

241 CGGGCAGGTGTAGAAGAGAAAGTCGTCGTAACCCTCATCAGATCCCCACCAAACGTTCAGAACATTGAAGTGAAAGTCTCAT TGATGCGGCCCGGTTCGACTGTGACT TTTTCGGAAGAT 360
3 R A G V E E KV VvV VvV TILTIIRSUPPUNVQVNTITZEVI KV SLMZ®RZPSGSTVTTF S ETD 77

361 ACGAGACTTGTCAGCCCAGGTTCATCTCAATCCTTTTCGGTCGTAATTCAAGCTGGTGATTTGATGAGAAATGAGGGAGCTTTCCAACACATGGTCTTAAAGGCTGAATCTCTGAACCCT 480
78 T R L V 85 P G 8§ § Q § F §s VvV I QAGDTILMU®BRNEUGATF QHMUVILI KA AESTILNTP 117

481 ATCTACCCATTCGAAGAGCAAACAGATATCCTGGTCACTCTTCAATCTGGTTACGTCTTCGTACAGACGGACAAACCAATCTACACCCCAAACCAAGACGTGATGATCAAAGTCATGTCC 600
118 1 Y P F E E Q T D I L VT L Q § G ¥V EV Q TDI X UP I YTU?PVNQDVMTIIZEKUVMS 157

601 TTGGATCAGGACATGCTTCCATCAGATCGAGAGCTCCACGTCGAAATAATGGATCCTAGTGGGACCAGTGTARAAAGACT CCGAGAGACCCATGCCGACGTTCCGGCTTCTATCGGGCGA 720
18 L. D @ DM L P §$ DR ELHHV EIMZDZPSGTS VK RTLI RETUHATDVU?PASTIGR 197

721 TTACAGGTCCATAATCATCCAGCTITCGGTGAATGGACCGTTTCGGCTTTCTATGGACCCGAGTTCCTTGTCAAGT CAGGTGACAT TTGTGGTCAAGGAGTATGTTCTACCGACATTTTCA 840
196 L Q V H N H P A S V N G P F R L $§MD?P S S L S S QVTVFVV KXEYVL?PTTF S 237

841 GTGAGCATCGAAACGCCTAAATACATTCTAGCCGGAGCTGATTCAGTGGTCTCAACAATAATTGCTGAGTACGTATTTGGCAAGCCTGTGATTGGCCGCTATACCTTCAAGTATGGCGTC 960
23 VvV S I ET P XK Y I LAGATDSVVSTTITIAETZYV F G KU?PVIGRYTT FIZKTYGV 277

961 GTGGATAATGGGACTGTTCAAGAGCTGGGAACTAAGCAAGGGCTGCTTGGTGATAGTGGAAGGGCTGAAGT TACTTTGGATGATCTCAGTACTGATTTIGGTGAAGACTGGTTTGTTCGG 1080
27¢ VvV D ¥ 6 T V Q E L G T K Q G L L GD S GRAEWUVTILDDUZLSTUDTFGETDWTF VR 317
A CHO

1081 TTCAGAGGTCGCCACTTCCATGCAAATGCAATTGTACATGAATCAGCGACTCAGTTCAGCGAAGCAAGCATCAACACGAAGGCAATCTTCGTTGACTCACCATACAAATTCAGTACAAAG 1200
318 F R G R H F H ANATIVUHESA AT GQTFSEASTINDNTI KA ATITFUVDSUZPY KV F S TK 357

1201 CGAACTGTGCAGCACTTCAAGGCTGGACTCAATCTGCAAGTAAAGCTGGATTTAACATTTGCAAATGGAGATGTGGCCCCCAATGTTCCTGTAAATGTCATAGCAACTGCCACATTAAGA 1320
338 R T V Q H F X A G L NL Q VK LDU LT FANGDVAUPNV?PV NV IATATTLR 397

1321 GATGGTTCTGAGGAGCTACTACGGAGACCTGATATAGCTGGTGGTCAAGAGGAGATATCCAACACTGATGATCAAGGAGGAGT CAGTATGGTTCTTAACGTCCAATCAAGTATAACGAGT 1440
398 D G S E E L L R R P DTIAGGQEETI S NTDDQGGVYV S MVIL NV QS 8 1ITS8 437

1441 ATTCACATTGTGGCAGCAACTCATGATCCGCAATATCCAARCAACCAAGCTGATATCTCCTTTGAAGTAAGTCCAGGAGTCTCGGCCAACGGTCATGATTACTTAGTCATCAGACCTCAG 1560
433 1 H I VvV A A T H D P Q Y P NN Q ADTI S F EV S P GV S ANGHTDYULVTIURPQ 477

1561 AACACAGATGATCGTAACCTGAATGTTGATGTGAGCACTGATTTCT TGATTCAGAGGAT TGGAACAACAGGAGAT CAAGACATAGATCTCCACTTTCTTTGCATTACAGGTGGCAAGGTT 1680
478 N T D D R N L NV DV S T D F L I Q R I G T T GD QDI DILHTFT LTCTITGGKV 517

1681 GTTCTGGAGGGAGTTCAGAGAARGCATAAGTGCAGCTGGCACAAACCTGGCCATAACAATCAGAGCATACATGGCTCCACARATGCGACTGATCGTCTACTATGTCACCATGGATGGCAGC 1800
518 v L E G V Q R $ I S A A G T NLATITTIWRAYMAPQMU®BRILTIUVYYVTMUDGS 557

1801 GTTATTGCCGACTCTCTCCTTTTAGGTGTGGAAGAAAAGTGCAGACAAGACCCACAGCTTTCTCTGGACATTCTTCCAAGGAATGTAGGACCTGAACGTGACGTTTATGAACCCAATGGG 1920
5 VvV I A D § L L L G V E E K CRD?POQUL S L DTIULU®PRNUV G?PEURDVYEZ?PNG 597

1921 CAGATACAGGTGGAAGTTACTGCACCTATCGACT CCAATGT TEGCCTTCTAGCTGTTGATAAAGCTGTCTACCTGCT TAGAGACAAGGACCGCATGEGGCARACARARGATGTATGAACGG 2040
58 @ I Q V E V T A P I D §$ NV G L LAV DI KAV Y LLRDI KU DU RMGIZ K QKMYER 637

2041 ATGAGGAGCTATGACACAGGATGTGGACCAGGAGGGGGACAARACACAGCTCAAATTTTCAAGGATTGTGGAATGACTGTACTTACCAACGCAGGTCTGGATGTTCCTATTCGTGAAGAT 2160
63 M R S Y D T G C G P G G G Q NTAQTIT FKXKDCGMTVLTNAGTLZDWVWV?PTIRED 677

2161 GTTGAATGCATGGATGAAGATACAAGAAGGARGAGATCGATTGACAGGGATCAACTGTGTCTGTATGATCCGACTTATCTAGCAGACTGT TTAGCTGATAAACCAAGGT TGCGAAGGGTG 2280
76 VvV E C M D E D T R R K R S I DRDOQLCTLTYD®TYLADU CTILADIEKPUZ RTILIZRRYV 717
B chain ¢ * * + ¥ = g chain
PN-terminal sequence obtained by Edman Degradation

2281 CTTACAGAAGGCGGTTGGCTATGTCCCCGCCGTGCTCGCGT TTTGGAAGCCGAGTGTAACCTAGAACCGGACCAAACACAGGTATATCGAGATTGCTGTATAAATAGTATGAATCCAGTC 2400
718 L. T E G G W L C P R RAPRV L EAZEUCNTLED®PDIQTQV Y R DCCINUSMMNTPUV 787

0T0Z ‘ST 1nbNnYy Uo B0 jouUNLIL [ MMM WO} PaPE0 JUMOQ

2801 GTGACTGCAACTTCCEGATCAGGTGGGGATGGTGGAGAGCAGAATGCTGCTGTGAAGGTGCGAGATGACTTCAGAGAGACGTGGTTTTTTGACGT TGTT TCCATGCCTGAAGATGGTAGT 2520

7¢ v T A T S R S 6 G D GG E QN AAVEX VI RDDTF RETWT FZFDVV S MUPETDSG S 797
2521 CCGTACTTATACCCGGTCTCCATTCCAAGTAGTATCACGGATTGGCATTTGACAGCTGTCAGTCTTTCACCTACTCAAGGAATGTGTGTTGAAGATGAAACCACAGTGAGTGTGTTCCAG 2640
79¢ P Y L Y P V § I P §$§S I T D WHILTTAXV SL SPTQGMOCV EDETTV SV F Q 837
2641 GATTTCTTCATCCAGCTCCACCTTCCCTACTCGGT TGTCAGGCTCGAARCAGACACAAGTCATCGCCACCATCTTCAACTATGGTTTCAGTGATTT TGAGGTCAGTGTTAATTTCACTGTT 2760
838 D F F I Q L H L P Y S VvV VR L E @ T Q VI A T I ¥ N Y G F S DF EV S V NTF TV 877
4 CHO
2761 GATCAGGGCTTGTGCACAGCGGARRATCCTGCCATTCGCCACGTTTTTGT TGAATCTAAACGGGCAGCCTCTACAACCTTTCATTGTACGCCCTGTGGARGTAGGGGAATTCCATATACT 2880
878 D Q G L ¢ T A E N P A I R HV F V E S KU RAASTTFHTCTU®PCGSURGTIUPYT 917
2881 GTGACTGCTGGTGGAAGCAAGAAGCGGGACAGCGTCAGGAATAACCTTCGAGTTGTGTCTCAAGGAGTTATGCAGAGGAARAGTAGATCTTTGACCCTGAATCCTGGGAGAGTGATGTTC 3000
918 v T A G G S K XK' R D S V R NNIL RV VS Q0 GVMOQRIEKSRSLTIULNUPUGH RVMTF 957
3001 AGTGATGATGTCACCACACEGTCCCCTAATAACAGCTTAGGCT CAGGCCCAGGAACTATATT TGGGGAGGGCTTTCAGCATGAGGAGATTGCCATTTCTTTGCCTGGATCTTCTATTCCA 3120
98 s b D V T T P S P NN S L G § G P G T I F GEGF Q HE E I AI S5 L PGS s I P 997
1 CHO

3121 GACACTGAATCTTGCAGTGTCAARACTTATCGGTAACCTACTTGGAACTGCATCCACAGATCCCATAGGTGGGCTAGAT CATCTGGTGAGGCAACCTAGAGGCTGTGGTGAACAAARCCATG 3240
998 D T E $ ¢ S V K L I 6 N L L 6 T A S T DUPIGGILDUHTILVYVEREQUPU RGCGE QT TM 1037
Thioester Site

3241 ATCTACCTGGCTCCAACACTCTTTGTCTATCAGTACCTAATAGCCGTAGGAT CAGATACAGCAGAACAAGAGGCACGGATCTATGACTACATCGCTGATGGAGT TGCCCGAGAGTTGACT 3360
1038 I Y L. A P T L F V Y Q Y L I A VvV G $ D T A E Q E ARTI YD Y I ADGV ARELT 1077

FIGURE 2. Sequence of the SpC3 cDNA and deduced protein. The sequence of the entire open reading frame encoded by Sp064 was compiled from
overlapping regions of several cDNA clones and the sets of nested deletions using the MacVector sequence analysis program (Oxford Molecular Group,
Campbell, CA) on a PowerMac computer. The deduced amino acid sequence is shown below the DNA sequence. The complete cDNA and amino acid
sequences have been deposited in GenBank with the accession number AF025526. Several regions of the protein are labeled. CHO denotes a consensus
site forN-linked carbohydrates. Three ATG codons, putative start sites, and two stop codons are underlined withifT tregdn. Six AU-rich elements

of the consensus sequence ATTTA are located in theT3region and are denoted in bold.
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3361 TATCGGCAAGACAATGGTGCATATGCAGCATGGAAGCATCGACCTGGAAGTACATGGTTGACGGCATTTGT TGTGARGGTGTTCAGCCAGGCTAATAGGT TCACTAGGGTGGAGCCAGGT 3480
1078 Y R Q D N G A Y A A W K HRP G ST WL T AT FV VKV F S QAUNU RTETIRVE P G 1117
Thioester associated Histidine 4

3481 CATGTAGAAGGTAGTATAAACTGGCTCATTGACAACAACCAGCTACCGTCAGGGGCTTTCCAAGAAAGTCAACAAGTAATTCACCAGGAAATGAT TGGAGCTGTARAGGGAGAAACTTCT 3600
1118 H V E G 8§ I N W L I D N N Q L P 8 G A F Q E S Q QV I HQEMTIOGA AVUYVYI KTSGTET S 1157

3601 ATGACAGCATTTIGTTCTCATCTCTCTCCTGGAGAGCTCGGAARTTTACT TGTCCCTGCAAACCAGAAAATTGATGAGGCAAT TGGGARAGCGACCGAGTACCTGGTTACCCARGT TGARAAT 3720
1158 ¥ T A F V L I 8 L L E §$ R N L L VP A N Q K I D E A I G X A T E Y LV T Q V E N 1197

3721 ATAGACAGAGTCTATGACAAGGCTCTCGTCACTTCTGCGCTGCGTGAAAGCGCAAGTGTGGGGACTGCAAATGGCAAACTGTGGGAAGATCGAAATGAAGATGGTACTGGGGCTGTTAGT 3840
1196 I D R V Y D K A L V T $ A L R E S A SV G TAUNGI KTULWEUDU RUNETDTGTGA AUV S 1237

3841 TTTACACCAGATGATGCCAACTATGAAGATGGCAGTCAGCCATTTTGGCTACAGAGGAAGCCTTCTGCTATTGAGATAGARACCTCCGGCTACGCTCTCCTGGCACAACTTGCCTTACTT 3960
1238 ¥F T P D D ANYEDGS QP FWUILQRIEKU©P SATIZETIETSGY YA ATLT LA ASGQTLA ATLL 1277

3961 GATTATCAAAAGGCAGGCAAAATTGCTCTCTGGCTTAGCAAGCAACAGAACGATGGTGGAGGATTTGTTTCACCTCAGGATACCGTAGTAGCACTACAGGCACT TGCCAAGTATACTGAG 4080
127 D ¥ 0 K A G K I A L W L 8 K Q Q ND GG GF V &P DTV VATLG QA ATLUDBATZEKTVYTE 1317

4081 CGTCCGGAGTTCAATACTATCGAAATGAACTGTGACGTGGCAACTGAGCARATCCCTCTTCATAGGTATCACATTGGGAATGACAATGCCAAAGTACAAGAAGARGT TGATGTGTCACCG 4200
1318 R P E F N T I EM N CDV ATEZSQQTIPILUHT®RYHTIOGNZDNAI KV YVYOQEETYVYUDVS P 1357
peptide employed for raising the rabbit

4201 TCAATTGGACGCAGCTTAACATTTGATTCTAGAGGAACTGGGGT TGCCARAGCAAATGTGGAGCTGCGTTACAACACAGAAAAATCTGATAT TGACACCTGTCCATTCCATCTTAACATC 4320
138 8 T 6 R S L T F P $ R G T 6 V A KA ¥V EVLIRTYNUNTEZ KSUDTIUDTTC?PTFUHTILNTI 1397
antiserum 4 CHO

4321 AGTGCTGTAGAAGTCCCATCAGATGAAGTCAGTGGTCAGAATGTGAAGGGGCTGATGATAACAGT CTGCACAAGCTACAATGGTGATGGAACAACCCATATGATCATTGTTGACGTAGGA 4440
138 S A V E V P § D E V S G Q NV K G L M I T WVCTSYVNGDGTTUHMTITIV VDUVGCG 1437

4441 TTGTACTCTGGATTTAAGGCTGTTGAAGAGGGACTTACAGGGCT CAAACAGGTGGTGAACGGCAGTAGCTTAATTTCTTCGTATGAAGCCAGCTCACGCTCTGTTATCTTTTATTTAGAT 4560
1438 L Y S G F KX AV E E G L T G L K Q VV NG S S LI S S YEASSTU RSUVTITFJVYTLD 1477
4 cHO

4561 ACGATTCCGAGTGATGAAGATCTGTGTTTTACTTTTTCTGCCGAATCTGACGTGGT TGTAGGAAATGTGCAAGCAGCTGCTGTACATGTCTACGACTAT TATGACCCAGAGAAATCTTGC 4680
1478 T I P S D E D L C F T F S A E SDV VVGDNVYV QAA-BAMZV HVYV YDVYYDUPETZKSC 1517

4681 ACGATATTCTACAAGCCTGGTGATGGCAGTGCCCTCTTGTCGACGCTTTGCTCTGAAAATGARTGTATCTGCTCTGGTGGAT CCTTAGAATACTGCAACATTGATCCATGTCCTGGGCCA 4800
i518 T I F ¥ K P 6 D 6 S A LLSTU LTGCSENZETCTIT CSG GG SULEZYTCNTIDTZPTCZPTGFP 1557

4801 TATACAAGAATTGACCTGGAAGGAACTGCCTGTGCAAGCCACAGTAGT TATGCACTCAAGATCCGGATCGACGAGGTAGAAATAAAAGAAGGCT TCAGGATCTGCAAATTTACCGTCTTG 4920
158 Y T R I D L E G T A CA S H S S Y AL K I R'IDEVETTZ KTETGT FEFU RTIT CE KT FTUV L 1597

4921 AACCCGATAAAAACGGGAGATGAAGATGTACCCCATCAGGCACAGAGACAATTGT TCATCAATGAAGGTTGTGACTGT CCTAAGGT CAAGGGTCGTAATATTGGTGGAACCTTTTTGCTT 5040
1598 N P I K T G D E D V P HQAQRQULTFTIUNZESGTCDT C?PZ KV VI KGR RN NIGS GTT FTULL 1637

5041 GTTGGCCAGAAGTCACTCAAGTATACCACTGAACAAGGAGAGGAAAGATACCGATACGTGTACGGCCCAACT TCTAAGCTGGAAT TTTGGCCAGCAACAAGAAAAGCTAGAAATGCAGCG 5160
1638 V 6 ¢ K 8§ L K ¥ T T E Q G E E R Y R Y V ¥ G P T S KL ETFWP AT RIEKARINAA 1677

5161 GTATTTGATAAACTGGTAGCATTTGAAGCCCARATGGCACCTGCAAGCGCTTGT TCCAATGAGAAT TAAGT CATCAGTGARAAGAAAGAGCARATCATGAGCTTCCTTTTTTTCTTCTTT 5280
1678 vV ¥ D K L V A F E A 0 M A2 P A S A C S N E N *

5281 TTTTTTTTGICGATGTAGAGGTCGATGTAGAGGTGTCTTGGTCTAGTGGATATTAAAGT CACCAAACTTTGAATTGCATGGT TCACAGT TCAAGTCCCGCCTTGGCACTAATGTCCTTTG 5400
5401 GCCAGACATTTATCTACATTTGCCACTTCTACCCTAGT TGATGTARATGGGTACCCGGTAGAATTTTTTCTTTATATGCTTGAGCACCT TAGCAT CGTGGTGGCT CAGCTACAGCCGGGG 5520
5521 TAATAATGTGATACTTTGTATTAAGGGCAGTAGAGTATATTCATATACATGTAGTAGCTGTTCTATATAAATGGACATGTCATTATTATTTTCT TAATTATTATGT TCCATGCCATTATG 5640
5641 ACTTTACTCATGCAGATTCGTAAACATTAGTTGGTAGATTATATACTTGTTTTGTATAGTAAGGCCACAGTCAGATGTGAGATGGTCAACCACGACATTTGTTTAAAAAAGGACATATAA 5760
5761 AAGGTATTACGTTTCACATTTTCGTATCTTACAACACAGAGGTCAGTGAATATACAACATGTAGGATCTTTATTGCGTGCAGT TGTCATTAATGTATATTTTAATAAACTGTGGCAGCTT 5880
5881 TGTTGAGTTGGTTTACCATGGCATATCTGAACAGGCCTTAAGAAATTATGTGTAACTCTGACGACAATCACTTCAAGAGGAAATATTGAATTCTTCTTATCTTTTTTCGTGATAAAAAGG 6000
6001 ACAAAGAGAAACAAAATAAGGAACGAGCATACAGGTGTACATGTGTTTGAAGGACTTAGTACATATTGATTCATTTTTATTAAT CAAAGTAGAAAGAGACTAGGCAGTGAAATGTTTGTT 6120
6121 TCATCGTACAGACATACATCAGTTTTGGAGGTTTGAGTTTTTACACTTGTTTGACATGTATCTCACAAACCTCTCCATTAGAACCTCCTTTCAATATTACAAAAATATGCAAGAAAATTA 6240
6241 AAATTCCTGAAGCACAGGAATACATGTGGAGCTGCAGAGAGCTGCAGATGATTTCAACTGTAACCATGAAACAACTACAAAGTCACATAATTTACCAGTACTTTTGATAATTTCCTGTTT 6360
6361 GACATTAAATCTCCACATTTTTAGCCTTGCATGTATTGCAGAGTACGATAGTATGATGTACATGTATGGAAATAGCATGTATGTAAACCAATAAAATATGCTGTGTTTTACATGTAGTTC €480
6481 AATCTGTTATGTACTTGTAATTATTGCAGTTCTGACAATGACAATTGTAGATTT TIGGT TGAGGTATAATATTGATAATCGCTTTAATAATCAGGGCCGCTATTCAATTGAATGCAGTAT 6600
6601 TTTACTCAGTTTTCAGCTATAAAGACAAAATACTAAGCCAAATTTGGTATGCAGT TGAAGACTTCGGCTATTAGTAT TTTACCTT TAAGACAGCTCCCTAGGAGACT TGGGCCCTATTAT 6720
6721 TTTGGAGGTCTTGATTGGCAGACATGATGCTATACCGTCT TCATTAGCTGTGCACAATTGTATTACGTAGCGCGCATTTAATGCGACTACAATGCATGGAGT TAATGGCGTATTGTTGTT 6840
6841 GATTGACAATGTGATGTAACAATGCTTATCAGCAAGTACCTTAAAGTCGGCT TACTAAAGTAAAATGCTCAGATAAGAT CTAAATACGAGTTAAGACATGTTCCATAGCCAAGCAAACTA 6960
6961 CTAAGTAAACTACTGACTTAATCCACCAAATGAATTGAATACGGCCCCTGCCTGGTACTTTGAAAATGT TACTTTTGTATGGATTGTTTCTAATGACGAAAAATATGTATCATGTGTATT 7080
7081 GCAATGCATGTTCGTGTACACAGTATATGGACAATTGTACATGTATTTAGTAGAAGAGGATATAAAGTTTATGAT TGCT TTGAGCGATATTTACATGTAGTAGCTACAGTAGGTTAAAAA 7200
7201 ATACTTGTATATGCAACATTGTTATTAGATCTTCTGCACATGGAAGATTCAATCATCTGTTGAGAATTGT TATGCAATGAATAAATACAATACCAGTAGTAGCGCCTTGGCAGAATTACT 7320
7321 GCTGGTTCAGTTGCTTCTCTTTTTACCAGCATTATATGATCACCACATTTATATATCATTACATARACTTTGTTTTGGTGCACTATACT TCAGAACATACCGTCGGTTGGGTGACAAAAC 7440
7441 CTTGTATCTCAATTTTTTGAGATTTTGATTTTTTTGCATAATTTTGTACCTAATGGCCTACAACACCACCTGATAAATCCACGGAACGCCTCCTTCTCGGTTTTTTCACAAATTCCACAC 7560
polyadenylation signal
7561 AAACACCCTTAAACTAAACCTTGTAACTTTAACCCCCAATTGTAGCGGCCG 7611

FIGURE 2. (continued)

However, the beginning of the open reading frame was not ob1), indicated that the 5nd of the open reading frame and a short
tained. The third library screen used the arrayed coelomocyte listretch of the 5untranslated (UT) region were included.

brary constructed by Jonathan Rast and Eric Davidson at the Cal- The complete sequence of Sp064 and the deduced protein are
ifornia Institute of Technology (Pasadena, CA). The 32 positiveshown in Figure 2. There are 7611 nucleotides (nt) in the over-
clones obtained from this screen were analyzed by PCR using thepping cDNAs, which are missing much of thé BT region

Sp6 and T7 primer sites in the vector to determine insert sizes, anand part of the 3UT region of the transcript since, by RNA gel
the Sp6 primer in combination with an internal primer specific for blot, the transcript is 9 kb (see below). Because a random
the 5’ end of pExCell14 to determine the sizes of theehds. primer was used to construct the cDNA library, the poly(A)
These PCR-amplified fragments were also checked by Southerail is not expected to be identified in any clone. However, a
blots using the same probe as that used to screen the library. Anatonsensus polyadenylation signal, GATAAA, is located 93 nt
ysis of the 5 end of pPSPORTA22/137, pSPORTG11/211, andfrom the 3 end (Fig. 2), which suggests that most of tHed
pSPORTJ17/96 showed an additional 2 kbob'pExCelll4. Se- region may be present. The sequence shows 129 nt in'tbd 5
guence analysis of two clones, pSPORTA22/137 and J17/96 (Figegion (based on the most probable start site), 5097 nt in the
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FIGURE 3. Alignment between SpC3 and other complement components. SpC3 was aligned to other thioester family complement components using Clustal W (21) with a few adjustments made by hanq_PAccessior
numbers for sequences used in this alignment can be found in Table I. Several areas of functional significance are labeled. Boxed areas have been taken from Figure 4 in Lambris et al. (36) and correspontgo functior

----M-GSIILIFVLAISASLVPG--GVTQDPPATFFVISPNVFRAGVEEKVVVTLIRSP
——————————————————————————————————— VLVIAPAATSSYDDLAVAT LMVDQK

———————————— VLLLMSVGTSV-~-=---TQDPMVLLSVPSVILIGSDVNVLVDHAAST
----MEGMALYLVAALLIGFP-—————— GSSHGALYTLITPAVLRTDTEEQILVEAHGDS
----M-GLLLLPLLLGVLLL-————— HAVPTPAQMVTMVTPAVLRLDTDEKVVLEAPGLS
——-—-M-GPASGSQLLVLLLLLASS~~-PLALGIPMYSIITPNVLRLESEETIVLEAHDAQ
—-—--—-M-GPTSGPSLLLLLLTHLPL-----. ALGSPMYSTITPNILRLESEETMVLEAHDAQ
—-==-M-RLLWGLAWVFSFC-——————— ASSLOKPRLLLFSPSVVNLGTPLSVGVQLLDAP
TRSAPRAASWLEDPREVRSVCLSATFFTLSLQKPRLLLFSPSVVHLGVPLSVGVQLQDVP
———-M-GL-WGILCLLIFLD---=---- KTWGQEQTYVISAPKILRVGSSENVVIQVHGYT
-——-M-GLL-GILCFLIFL--————— GKTWGQEQTYVISAPKIFRVGASENIVIQVYGYT

*

PNVONIEVKVSLMRPGSTVTESEDTRLVSPGSS~-QSFSVVIQAGDLMR-~~~-NEGAFQH
KITEVHVLLVNPH-TGATLDEKK--VKLOWDNKFIAFTKLQVTPKEVEK----WKEDFVR

EDVSVVVRAEEFLTKKQLATQTITLTQLDP----- ATATLKLGFDIENPDKTNSASTKHH
TPKSLDIFVHDFPRKQKTLFQSR-~VDMNQAGSMFVTPTIKVPAKELNK--—--DSKQNQY
APTEANILVQDFPQKRKVLFQVR--KQLNPAEGMMATIATVKVPVKLLPP--—--- VVGKHF

GDIPVTVTVQDFL-KRQVLTSEK--TVLTGASGHLRSVSIKIPASKEFN-—--SDKEGHKY
GDVPVIVIVHDFPGKKLVLSSEK--TVLTPATNHMGNVTFTIPANREFK—-—-—SEKGRNKF
PGQEVKGSVFLRNPKGGSCSPKKD-FKLSSGDD-FVLLSLEVPLEDVRSCGLFDLRRAPH
RGQVVKGSVFLRNPSRNNVPCSPKVDFTLSSERDFALLSLQVPLKDAKSCGLHQLLRGPE

EAFDATLSLKSYPDKKVTEFSSGY--VNLSPENKFONAALLTLOPNQVPR-————~— EESPV
EAFDATISIKSYPDKKFSYSSGH--VHLSSENKFONSAILTIQPKQLPG-————~ GONPV
MVLKAES-LNPIYPFEEQT----DILVTLQSGYVFVQTDKPIYTPNQDVMIKVMSLDO~~-
LMVKWD--~GGQHMEIDIP-—=~=--= LTSRRGLVFAQTDQPIYTPNNDVNIRLFPVTR-—
VRLVAK-—--VESKSFNKEITA--HALLSYRSGHVVVQTDKPIYTPDEKVKYRMFPMNRED
VVVKVT---GPQVALERVV-————— LLSYQSGFVFIQTDKGIYTPGSPVRYRVESVDH-—
VSVVAR--~-VGQVTLEKVL~~==~=~~ LVSLOSGHIFLQTDKPIYTPGSTVLSRLFALSH-—
VIVVAN---FGETVVEKAV-=~—--—~ MVSFQSGYLFIQTDKTIYTPGSTVLYRIFTVDN——
VIVQAT-—--FGTQVVEKVV—-—~~—~ LVSLQSGYLFIQTDKTIYTPGSTVLYRIFTVNH--

IQLVAQSPWLRNTAFKATETQGVNLLYSSRRGHIFVQTDQPIYNPGORVRYRVFALDQ--
VOLVAHSPWLKDSLSRTTNIQGINLLFSSRRGHLFLOTDQPIYNPGORVRYRVFALDQ-~

SHVYLE-—--VVSKHFSK3K~---KIPITYNNGILFIHTDKPVYTPDQSVKIRVYSLGD--
SYVYLE---VVSKHFSKSK-—--—-RMPITYDNGFLFIHTDKPVYTPDQSVKVRVYSLND-~
* ** * * *

—DMLPSDRELHVEIMDPSGTSVKRLRETHADVPASIGRLOVHNHPASVN-GPFRLSMD—-~-
-QLNPILSSLVVDIMNPDGVVVD-RIEKNAFEVEKVMELRPFHVPAITSLGDWKIVSWMK
VHRIPVRQSMTVDIVNADGVIVERQIKTIKATDEGIVDGTSFTIPAI SKHGTWKIFARMS
—NMHRMDKTVIVEFQTPEGIVVS-SKPVNPSG--SIRP---YNLPELVSFGTWKAVAKYE
—FMQPLLKTVIVEVKTPDNVITK-QVPVSSPMRNGIFS-INHNLPEVVSLGTWTITAKFE
-NLLPVGKTVVILIETPDGIPVK-RDILSSNNQHGILP-LSWNIPELVNMGQWKIRAFYE
—KLLPVGRTVMVNIENPEGIPVK-QDSLSSQONQLGVLP-LSWDIPELVNMGQOWKIRAYYE
-KMRPSTDFLTITVENSHGLRVLKKEIFTSTS--IFQD--AFTIPDISEPGTWKISARFS
-KMRPSTDTITVMVENSHGLRVRKKEVYMPSS--IFQD--DFVIPDISEPGTWKISARFS
—DLKPAKRETVLTFIDPEGSEVDIVEENDYTGIISFPD---FKIPSNPKYGVWTIKANYK

—DLKPAKRETVLTFIDPEGSEVDMVEEIDHIGIISFPD~--FKIPSNPRYGMWTIKAKYK
* *

sites in human C3. C3aR, C3a receptor; Bf, factor B; H, factor H.
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PS-SLSSQVTEFVVKEYVLPTFSVSIET~-PKYILAG-—--ADSVVSTIIAEYVFGKPV-IGR
DKPQFNYTSGFKVEEYVLPTFDVSITSEQPYLHVY--~DKAFTIHIKAMHIYGKPV~MGR
GAPNINSSAEFDVREYILPTFEVKINPKQRVFHIN---DEEFVVDITANYFNQELV-SGT
HSPEESYTAYFDVREYVLPSFEVRLQPSDKFLYIDG~~NKNFHVSITARYLYGKKV-EGV
D3QDQVFSTQFEVKEYVLPSFEVILDPQEKFLYIDP--AEDFRVTITARYLYGKNL~QGT
HAPKQIFSAEFEVKEYVLPSFEVRVEPTETFYYIDD--PNGLEVSIIAKFLYGKNV-DGT
NSPQOVFSTEFEVKEYVLPSFEVIVEPTEKFYYIYN--EKGLEVTITARFLYGKKV-EGT
DGLESNRSTHFEVKKYVLPNFEVKITPWKPYILMVPSNSDEIQLDIQARYIYGKPV-QGV
DGLESNSSTQFEVKKYVLPNFEVKITPGKPYILTVPGHLDEMQLDIQARYIYGKPV-QGV
KDFTTTGTAYFEIKEYVLPRFSVSIELERTFIGYKN-~FKNFEITVKARYFYNKVVPDAE
EDFSTTGTAYFEVKEYVLPHFSVSIEPEYNFIGYRKN~~FKNFEITIKARYFYNKVVTEAD

* .k kk ok Kk Lo*
YTFKYGVVDNG--~-TVQELGTKQGLLGDSGRAEVTLDDLSTDFG--~-EDWFVRFRGRH
AYVRYGVKHQS---KRTLLSTSSALARFEQGEAMHTLRQKHILEQY----PDPKLLLGQS
AYVRYFLENGD---VPKLVDSS--STTLVAGEGLSILKKEKLLKLF---—-PNAKDLLAFS
AFVVFGVKIDD---AKKSIPDSLTRIPIIDGDGEATLKRDTLRSRF~~-—QDLNQLVGHT

AFVLFGVVVDD---EKKTIPQSLOQRVKVTDGDGQAVLPMAMLRQPF----ANLQELVGHS
AFVIFGVQDGD---KKISLAHSLTRVVIEDGVGDAVLTRKVLMEGVR--PSNADALVGKS
AFVIFGIQDGE~--QRISLPESLKRIPIEDGSGEVVLSRKVLLDGVQ--NLRAEDLVGKS
AYTRFALMDEQG--KRTFLRGLETQAKLVEGRTHISISKDQFQAALDKINIEVRDLEGLR
AYVRFGLLDEDG-~KKTFFRGLESQTKLVNGQSHISLSKAEFQDALEKLNMGITDLQGLR
VYAFFGLREDIKDEEKQMMHKATQAAKLVDGVAQISFDSETAVKELS--YNSLEDLNNKY

VYITFGIREDLKDDQKEMMOTAMONTMLINGIAQVIFDSETAVKELS--YYSLEDLNNKY
*

FHANAIVHESATQFSEASINTKAIFVDSPYKFSTKRTVQHFKAGLNLQVKLDLTFANGDV
LYVEASVISSDAGEIENSILDDIPIVASPYSIKSKWTVPFFRPGVPYIYKVLVLNPDGSP
LTIKTTVLSSQAAETEEAELVGIKIVESRYQITATKTSRYFKPELPYFIQVEVRNADGSP
LYVSVIVITESGSDMVVTEQGGIHIVTSPYQIYFTKTPKYFKPGMPYELTVYVTNPDGSP
LYVTVTVLTESGSDMVEAQRSGIRIVTSPYTIHFTHTPKYFKPGMPFDPTVYVINPDNSP
LYVSVTVILHSGSDMVEAERSGIPIVTSPYQIHFTKTPKFFKPAMPFDLMVEVTNPDGSP
LYVSATVILHSGSDMVQAERSGIPIVTSPYQIHFTKTPKYFKPGMPFDLMVFVTNPDGSP
LYAATAVIESPGGEMEEAELTSWRFVSSAFSLDLSRTKRHLVPGAHFLLOALVQEMSGSE
LYVAAATIESPGGEMEEAELTSWYFVSSPFSLDLSKTKRHLVPGAPFLLQALVREMSGSP
LYIAVTVTESSGGFSEEAEIPGVKYVLSPYTLNLVATPLFVKPGIPFSIKAQVKDSLEQA
LYTAVTVIESTGGFSEEAEIPGIKYVLSPYKLNLVATPLEFLKPGIPYPTKVQVKDSLDQL
* * *

——APNVPVNVIATATLRDGSEELLRRPDIAGGQEEI SNTDDQGGVSMVLN--VQSSITSI
—-—-ASGVPIKVSFSFDS~--SGNWITQK RKTMDNGIAMQTIN--TARNSKKL

SKEVDVVARVQVG—~——-— SATINPQK-~ MRTDSNG—--LTSFTVTPPNVNQL
——AAHVPVVSEAIH~----SEGCTTLS~~———————————~—- DGTAKLILN--TPLNIQSL
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open reading frame, and 2385 nt in thelBT region. There are Complement proteins are folded and held together by the disul-
three possible start sites near the beginning of the sequendile bonds. In human C3, there are 27 cysteines that align with the
shown in Figure 2. The first ATG is followed by two in-frame other cysteines in the thioester complement protein family. How-
stop codons, while the second and third are in-frame and are naver, SpC3 has 32 cysteines, and we were interested to understand
followed by stops. Because the third ATG, located at nt 130, ishow this amino acid aligned with cysteines in the other members
surrounded by a Kozak sequence, ACCATGG, this suggestsf the thioester protein family. Alignments between SpC3 and the
that this is the most probable start site for translation. Followinggther complement components using Clustal W (Fig. 3) showed
the start site, there is a hydrophobic region of 12 amino acidghat five of the SpC3 cysteines are located inhehain, three of
plus a serine, which is followed by a hydrophilic region that \yhich align with the three conserved cysteines inghehain of all
includes serine, proline, and glycine (31). This combination of ot the other components. In thechain, 18 of the 27 cysteines
a short hydrophobic and hydrophilic regions is typical of a yjign with conserved cysteines in other components. The two cys-
leader or signal sequence of 13 amino acids and is based on thgi,q jnyolved in interchain disulfide bonding in the human se-
[,'3"1]'““9 _(32)' A Ieadgr region is expected to be present uence (38) are aligned between the sea urchin sequence and all of
since Sp(?B is produced n thg coelomo.cyte's and appears t9 l%qﬁe other proteins (Fig. 3). To understand more fully whether the
‘Zicreﬁes |(:1t01t_:e coeloml_c ﬂ}:_'lfj_l_(TS:e Fig. 5; _Gro;es S?d Smlthhonaligned cysteines in SpC3 were due to differences between the
pulished). There are six repeats in t re- protein sequences or due to errors made by the Clustal W algo-

gion (Fig. 2). These AU-rich repeats are typical of tran- . o . . -
scripts that encode inducible genes and may function to stabir-'thm' additional alignments were performed to inspect the posi

lize the transcript after induction, which results in increasedtlonlng of the cystemes m. SpC_S. Both Clugtal W. and DNASIS
translation (33). were used to align the entire thioester protein family and a subset

The open reading frame encodes a protein of 1699 amino acig{hat included just the complement proteins. The Clustal W align-
The cleavage site for processing SpC3 into two chains before bdl€nt of the complement protein subset is shown in Figure 3, and
ing secreted is located at Arg686 and consists of RRKR (Fig. 2)the Clustal W alignment for the entire thioester family can be
The B-chain has 672 amino acids (without the leader), and the?Ptained by E-mail (see legend to Fig. 4; DNASIS alignments are
a-chain has 1010 amino acids after removing the RRKR apthe  NOt shown). Results of these four alignments revealed similar, but
junction. The deduced m.w. for the preproceSsed Spcs is 186 kDé‘,Ot identical, positioning of the CySteines in SpC3 relative to the
and after processing the deduceethain is predicted to be 110 Other proteins. Most (22 to 24) of the SpC3 cysteines align with or
kDa and thes-chain 73.5 kDa. These predicted m.w. do not takenear cysteines that are generally conserved in the complement pro-
into consideration the possibility ™-linked glycosylation, which  tein family. There are four to five positions in which cysteines are
is known for human C3. There are five consensus recognition senissing in SpC3, where the other proteins showed a conserved
quences foN-linked glycosylation in SpC3, four of which are cysteine, and SpC3 has seven to nine extra cysteines that do not
located in thea-chain (Fig. 2); however, none are conserved in align with other proteins. In no case did any of the extra cysteines
position compared with glycosylation sites in human C3 (34). Thein SpC3 align with cysteines in the, M group rather than the
deduced isoelectric point for SpC3, as calculated by DNASIS, isomplement group. Interpretation of these data may suggest that
4.76. This is substantially lower than the range of isoelectric pointsSpC3 has a similar, but perhaps not identical folding pattern com-
5.87 to 7.99, which was calculated for other C3, C4, and C5 propared with the other complement proteins.
teins that are listed in Table I. The human C3 protein is the most fully characterized of all of
the complement proteins, and functional regions have been
mapped using a variety of techniques (reviewed in Ref. 10).
Regions of the deduced SpC3 protein that are similar to othefrpege functionally mapped regions have been taken from Fig-
complement proteins can best be estimated through amino acighe 4 in Lambris et al. (36), and are indicated in Figure 3 for
alignments. The BLAST search provided a list of prOte'nStOWh'Chcomparisons between SpC3 and human C3. There are nine
SpCS matched.best, and we chose a subset of these tq consftructrﬂg,[cheS between SpC3 and human C3 in a span of 43 amino
allgnmgnt that ,'ndUdEd some of the complemgnt protelns (Fig. 3)acids (20.9%) within the region in which human C3 interacts
Inspection of Figure 3 reveals a number of regions in SpC3 that arg it the C3a receptor, CR1 and CR3, factor H and factor B.

conserved wh_en compared with the other Comp'eme”F SEqUENCER;q region is generally not well conserved in vertebrate C3
and other regions that are not conserved. All proteins in Figure 3

show aBa junction, including SpC3, whereas only the C4 proteins proteins .(8)‘. except for th-e C3 convertase cleavgge .5|te (Arg,
. . Ser), which is conserved in most of the C3 proteins including

and the cyclostome C3 components showanjunction. A con- SpC3. Th d factor H bindi ite located farther d ;

served thioester site (GCGEQ) is located in the Sp&éhain, pts. The second tactor Inding site located farther down in

identical to that seen in vertebrate C3 and C4 proteins, but that ig]e :x-cham, ,W'th'n,c;Nh'Ch 1S Iocr?ted thehCRf_] binding s.lte, re-
not present in C5. The histidine involved in thioester binding to VIS 18 amino acids in SpC3 that match to human C3 in a span

hydroxy! groups (35), located about 100 amino acids (H1090 in®f 76 (23.7%). Eleven of thirty-two amino acids (34.3%) match

Fig. 2) toward the C terminus, is conserved in SpC3 (Fig. 3). The?€tween SpC3 and human C3 within the properdin binding site
hydrophobic region surrounding the thioester site is also conservelfat is known as a region of high conservation (8). There are
in SpC3, the function of which is thought to shield the thioesterfive factor | cleavage sites labeled in Figure 3 that are posi-
from the aqueous environment and nucleophilic attack (36). Irfioned relative to the human C3 sequence (10). Of those sites,
vitro mutagenesis experiments have shown that the two proline8one match perfectly to SpC3; however, there are two Arg/Ser
surrounding the thioester in human C3 are necessary for stabedquences in the SpC3 that align near factor | sites 1 and 5 (Fig.
formation of the activated thioester (37), and these positions ar8). In general, the alignment with other complement proteins
conserved in SpC3 (Fig. 3). This analysis of SpC3 compared witfand the comparison with functional sites in human C3 suggest
vertebrate complement components indicates that it is a two-chaithat the sea urchin protein may have a different folding pattern
structure with a conserved thioester site similar to other C3and fewer functions, and may not interact with as many other
proteins. proteins as is known for human C3.

SpC3 protein alignments to other thioester family proteins
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Table I. Amino acid comparisons between SpC3 and other thioester C3S.URCHIN
family proteiné '
C3HAGFISH
% Similarity ——— C3LAMPREY
Protein, Species Accession No. % ldentity Plus Identity ce C3TROUT
C3, hagfish gb|Z11595 26.4 43.3 10 100 o8 C3COBRA
C3, lamprey sp|Q00685 255 43.1 _| C3CHICKEN
C3, trout pir|151339 25.1 42.7 100
C3, cobra sp/Q01833 24.8 43.0 C3G.PIG
C3, chicken pir|150711 26.7 44.4 w C3RAT
C3, guinea pig gp12387 27.5 41.1 00
C3, rat gb|X52477 26.8 43.9 23 C3MOUSE
C3, mouse sp|P01027 26.9 41.7 C3HUMAN
C3, human sp|P01024 27.9 45.2 CAXENOPUS
C4, xenopus gb|D78003 26.7 44.1 100 CAMOUSE
C4, mouse sp|P01029 255 44.8 100
SLP, mouse gh|M21576 26.6 44.4 L SLPMOUSE
C4A, human gb|K02403 25.9 44.9 100 [ C4AHUMAN
C4B, human gb|U24578 25.7 43.1
C4BHUMAN
C5, mouse sp|P06684 24.1 42.8
C5, human sp|P01031 23.1 43.9 100 CSMOUSE
2M, limul b|D83196 21.3 36.6 COHUMAN
a2M, limulus g . .
a2M, lamprey gb|D13567 21.1 37.1 AZMLIMULUS
a2M, guinea pig piIC5143 20.4 37.6 —— A2MLAMPREY
alM, rat gb|M77183 21.3 37.4
a1 inhibitor, rat SfP14046 21.4 37.3 A2MG.PIG
a2M, rat sp|P06238 20.7 37.4 97 —— A2MRAT
a2M, mouse Sp|Q61838 20.8 37.1 A2MHUMAN
a2M, human sp|P01023 20.8 39.0 51 5—["
PZP, human gb|X54380 20.5 39.2 PZPHUMAN
100
2The Clustal W alignment program (21) was used to align SpC3 to each of the ANRAT
thioester proteins listed. The percent identical and percent similar plus identical amino 100 A1MBAT
acids were calculated based on the SpC3 length of 1699 amino acids. sp, Swiss —[
Protein database; pir, PIR database; gb, GenBank database. A2MMOUSE

FIGURE 4. Phylogenetic relationships between members of the thio-
ester protein family. The phylogenetic tree was constructed using the
PAUP program (22), with the, M protein family defined as the outgroup

Phylogenetic relationships between SpC3 and other thioester to root the tree. See Table | for accession numbers for all sequences used
family proteins in this analysis. The alignment used to generate this tree can be obtained by

contacting the EMBL server by E-mail. Send the request to
Our first approach to understanding the phylogenetic relationships beetserv@ebi.ac.uk and include in the message GET ALIGN:
tween SpC3 and other thioester family proteins was to generate paibS31395.DAT. The results from a number of variations for generating
wise alignments between SpC3 and 25 sequences that included sékees gave the same minimal tree length of 13614. The tree is plotted as a
eral C3, C4, C5, and, M proteins from a number of different species. Phylogram. Reliability of branch lengths were analyzed by bootstrapping,
We then calculated the percentages of amino acids that showed idefy2d the bootstrap numbers are shown.
tical matches and the percentages that were identical plus similar be-
tween the two proteins. The results, shown in Table |, indicate that

o A nents and 17% similar to the, M group). These alignment analyses
SpC3 showed greater similarity to the complement proteins (23.1— o simi e, M group) 9 y

) . 2 . suggest that SpC3 is a complement protein and is nat & protein.
27.9% identical; 41.1-44.9% similar) than to taeM family (20.4— Since the paired alignments (Table I) were not informative as to

21'4% identical; 36.6-39.2% similar) in general agreement with OUlthe relationships between SpC3 and the other complement protein
previous report (15). However, these results could have been due fgmily members, a phylogenetic analysis was done using the
Fhe s.h.orter Iength. Qﬂ.z.l\/l proteins and not due to fewer .amino acid payp program (22). This program is designed to compare and
identities and similarities between SpC3 anddbév proteins. Con-  5ssemple related sequences into phylogenetic trees that can then be
sequently, we generated a large alignment using all of the sequencgse to infer evolutionary relationships. We used the same align-
listed in Table | with the Clustal W program (21) (available by E-mail, ment between SpC3 and the 25 other thioester proteins listed in
see legend to Fig. 4). The alignment was inspected at each amino acitypje | in a phylogenetic analysis using PAUP. We were able to
position, and SpC3 was scored as identical to each group of proteingpeatedly identify the shortest tree (length13614) when we
based on the number of sequences to which it matched. SpC3 Waged a number of variations in generating the alignment with
scored as similar to C3 when it matched to six of nine of the vertebrate|ystal W, which were then used in the PAUP program. Based on
C3 sequences; similar to C4 when it matched to four of five of the C4he lower percentage identity between SpC3 andath#& group
sequences; similar to C5 when it matched to both of the C5 sequencgSable 1), these proteins were selected as the outgroup. The phy-
and similar toe, M when it matched to six of nine of the, M |ogenetic tree (Fig. 4) shows that SpC3 is positioned basal to the
sequences. Results indicated that SpC3 was equally similar to all @omplement clade that includes C3, C4, and C5 proteins. Further-
the complement components (19%) and was less similar tatik more, the branch arrangement within the vertebrate complement
proteins (15%) for this alignment set. A similar result was found whenclade generally agrees with other published trees (26, 39, 40);
the matches were calculated for a shorter region that correspondémbwever, the internal details of the positioning of some of the
only to thea, M protein length (20% similar to complement compo- proteins differed in our trees depending on the protocols used. For
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g COTG
=
e N
MW & SpC3 = 9.0kb
= 1 2 3
(kDa) -
2004 W
L8 WeEmEma | Gkb
11 ww| 4 a-chain o o
a7 FIGURE 6. Sp064 gene expression in adult sea urchin tissues. Pdly(A)
< p-chain RNA (0.4 ug) was electrophoresed through a 0.8% agarose gel containing
66 2.2 M formaldehyde in ¥ MOPS buffer (20 mM 34-morpholino] pro-
panesulfonic acid, 5 mM sodium acetate, and 1 mM EDTA, pH 7), capil-
554 lary blotted onto GeneScredtus (DuPont NEN), and probed with ¥P-
labeled PCR-amplified DNA fragment that spanned approximately 500 bp
of the 5 end of clone pExCell14 (see Fig. 1). Filters were hybridized and
36 ; washed, as described Materials and Methods, for phage library screen-

ing. Filters were exposed to BioMax MR-1 x-ray film. Transcript sizes

FIGURE 5. Protein gel analysis of SpC3. SpC3 was partially purified were estimated from RNA standards (Bio-Rad, Hercules, CA). RNA from

from %oel_omm ﬂlé'.d. and angh/szeg;y EDS_ZAQEane 1a_S_pC§ al;r:jdeer the major tissue types; € coelomocyte, O= ovary, T = testis, G= gut.
gor\}\rle tthmgbfotn fltlor(ljslanz ’ Ip Iun (;:‘r rihutﬁmg c?n m?_zs’ i To show that approximately equal amounts of poly(AANA were loaded

» western blot of reduced gel analyzed wi € anti-peptide antiserumy, i, each lane, the blot was stripped and reprobed with a sea urchin ho-
Protein standards are shown on tag.

mologue of the human L8 ribosomal gene (EST219, see Ref. 15).

] o cDNA encoding the N terminus of the-chain, we found the fol-
example, the hagfish component clustered with either the C3 or th%wing peptide: SIDRDQLCLYDP (see Fig. 2). This identical
C4 clade in different analyses. It should be noted that the hagfishaich is evidence that the protein isolated from the coelomic fluid
C3 position in Figure 4 is not supported by bootstrapping and thes the same as that encoded by Sp064.
position of the lamprey C3 is poorly supported. The important
result revealed in Figure 4 is that SpC3 appears as the first diverd@dp064 gene expression in sea urchin tissues

ing member of the complement protein family. To determine whether coelomocytes were the only tissue to ex-
We also investigated the-chains of the thioester proteins be- press the Sp064 gene, we probed poly(RNA isolated from the
cause this chain includes many important functional regions. W‘?najor adult tissues (coelomocyte, ovary, testis, gut) and found that
chose 490 amino acids that started at the beginning ofitieain,  5p064 is expressed exclusively in the coelomocytes (Fig. 6). The
included the thioester site, and terminated with the end of$f  transcript size is approximately 9 kb, which is longer than the total
proteins. We used this region in another alignment and phylogetength of the overlapping cDNAs that we have sequenced (9-kb
netic analysis, again employing tag M proteins as the outgroup. transcript, 7.6-kb cDNA sequence). Very weak bands appeared in
The resulting tree had a different appearance from that seen iall lanes after very long exposures (data not shown), with expres-
Figure 4. The complement clade had six unresolved groups thaion in gonads being higher than that in the gut. Although the other
included 1) sea urchin C3, 2) hagfish C3, 3) lamprey C3, 4) highetissues appear to have low expression of the Sp064 gene, it is likely
vertebrate C3, 5) vertebrate C4, and 6) mammalian C5 (results nahat coelomocytes were present in or on these organs at the time of
shown). This decreased resolution perhaps reflects the similarity afissection and total RNA isolation. Since it is not possible to wash
the a-chains that contain significant sequence conservation in albr remove all coelomocytes from other sea urchin tissues during
of the complement proteins. RNA isolation, these cells may account for the weak bands (Fig.
6). These data indicate that coelomocytes are the major or perhaps
the only source of Sp064 gene expression in the adult sea urchin.
Analysis of SpC3 protein by SDS-PAGE and N-terminal
sequencing Sp064 gene copy number

The presence of a single junction in the deduced, unprocessdd most animals, C3 is a single copy gene; however, gene dupli-
protein predicted that SpC3 would have two chains. To test thisation events are known to have occurred in some organisms. Ex-
and to characterize the size of the protein, SpC3 was partiallgmples include C4A and C4B in humans (41), C4 and sex-limited
purified from coelomic fluid and was separated by SDS-PAGEprotein in mice (30, 42), and multiple gene copies of C3 in trout
under reducing and nonreducing conditions (Fig. 5). The nonre{24, 43) and cobra (27, 44). To determine whether Sp064 is a
duced protein is 210 kDa (Fig. 3ane 1), and under reducing Single or multiple copy gene per haploid genome, we analyzed a
conditions {ane 2), two chains are resolved as taechain (130  genome blot. Three male sea urchins were treated to 15 V (direct
kDa) and theB-chain (80 kDa). These observed sizes are |arge,current) and shaken to induce spawning. Sperm was collected and
than the sizes deduced from the cDNA sequence, suggesting thRfNA was isolated according to Lee et al. (45). Each sample was
some or all of the consensdlinked glycosylation sites are filled digested with three endonucleas&g¢RI,Kpnl, BamHl), and the
during SpC3 processing by the coelomocyte. genome plot was analyzed with a riboprobe that corresponded to
A rabbit antiserum was raised against a peptide designed frorf{1€ @-chain region of the message (500-bp fragment from the 5
the deduced sequence in #hehain (see Fig. 2). On Western blots €Nd of PEXCell0S4). Only one or two bands were seen in each lane,
of reducing gels, the antiserum bound to the largehain (Fig. 5, indicating that Sp064 is a single copy gene (data not shown).
lane 3). To ensure that the protein isolated from the coelomic fluid __. .
was encoded by Sp064, the N terminus of both chains was SQ'SCUSS'On
quenced. TheB-chain was found to be blocked; however, the Sea urchins display a nonspecific, innate type of immune response.
a-chain gave the peptide, SIDRDQLXLYDP. In sequencing theThis was first determined from an extensive series of allograft
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rejection experiments, in which the kinetics of the second set rebe present in these animals. Preliminary sequence data from a PCR
jections were found to be the same as that of the third party refragment have indicated that a thioester protein may be present in
jections, and both second set and third party rejection rates werthe compound tunicat®otryllus schlosseri63). Based on what is
significantly faster than that for first set rejections (46; reviewed inknown about complement function in lower vertebrates, SpC3 may
Ref. 16). Furthermore, general activation of the sea urchin immunéunction as an opsonin and be a very important mechanism for host
response has been inferred from increases in profilin transcripts iprotection against pathogens.
coelomocytes responding either to injury (47) or to LPS (14). This The presence of a C3 protein in sea urchins may suggest that a
inference is based on the fact that 1) profilin is a key regulatorynumber of accessory and regulatory proteins may also be present
protein involved in modifying the actin cytoskeleton (48), and 2) in this organism. If the sea urchin complement acts as an opsonin
amoeboid, phagocytic cells, such as the major coelomocyte cefluinctioning to identify foreign cells for removal and destruction by
type, readily change their shape, i.e., their cytoskeleton, to increagghagocytic coelomocytes, this suggests that a C3 receptor should
motility, phagocytosis, and encapsulation upon being activated bye present on these cells. Preliminary evidence for a receptor pu-
immune challenge or injury. tatively associated with the sea urchin complement system has

The nonspecific, activatible immune response in the sea urchibeen reported previously, suggesting that it might be involved in
is very effective at maintaining a healthy animal; however, little is augmented phagocytosis (64—67). In vertebrates, spontaneously
known about the molecular mechanisms of gene expression or practivated C3 can be bound to self cells in the form of C3b, which
tein function through which this system functions. Our preliminary is then inactivated by factor | that functions with a number of
study of sea urchin ESTs was the first molecular evidence that gofactors such as membrane cofactor protein, factor H, and CR1
simple complement system exists in the sea urchin (15), and wéfor review, see Refs. 68, 69). Decay-accelerating factor is an ad-
report in this work the molecular characterization of SpC3. This isditional cell surface protein that may dissociate the C3b-factor B
the first identification of a C3 homologue that is expressed in a seaomplex, called C3bBb, thereby deactivating its C3 convertase
urchin, and furthermore, it is the first complement component to beactivity (70). Predictions of regulatory proteins in the sea urchin at
identified in an invertebrate. Homology of SpC3 with vertebratepresent can only be based on the presence of a few conserved
C3 proteins is based on several pieces of evidence. 1) Sequenckeavage sites that have been identified in deduced SpC3 sequence.
analysis reveals @a junction, the absence of amy junction  These include sites for factor | and C3 convertase, which is formed
(which is present in C4), and the conserved thioester site (which ighrough an interaction between C3b and factor B. At present, none
absent in C5). 2) Protein gel analysis shows that SpC3 is composest these predicted proteins have been cloned and sequenced in the
of two chains. The combination of a two-chain molecule with asea urchin, except one. We have characterized recently the com-
conserved thioester site suggests that SpC3 is a C3 complemgpiete open reading frame from EST152 (15), and it encodes a
homologue. Calculations of identities and similarities of pairedfactor B-like protein (Smith, unpublished).
alignments shown on Table | plus the analysis of the alignmentand Lachmann (71) has proposed that the most primitive comple-
the phylogenetic tree all show that SpC3 is not@M homologue  ment cascade or “archeo-complement” system would have resem-
and that it is the first diverging member of the thioester comple-bled a simple alternate pathway consisting of a C3-like protein
ment protein family. with a thioester site, a factor B-like protein containing short con-

In mammals, the primary site of C3 biosynthesis and secretiorsensus repeats and a serine protease domain, and a complement
is the liver, with more than 90% of all C3 being produced by receptor on phagocytic immune cells. Based on the sequence sim-
hepatocytes (10). However, several other cell types appear to prgfarities among various complement components, it has been sug-
duce and secrete C3 besides the liver, including macrophagegested that several of the complement protein families have been
monocytes, fibroblasts, B lymphocytes, polymorphonuclear leukogenerated by gene duplication from a small number of primordial
cytes, type Il pneumocytes, astrocytes, and microglial cells (10genes (35, 39, 72). Previous to the current work, the agnathans
49-53). These extrahepatic sites of complement production argppeared to fulfill the prediction of an archeo-complement system,
very important in local inflammatory reactions. Since sea urchinsnferring not only that the alternate cascade was more ancient than
do not have an equivalent of a liver, or a hepatopancreas that ige classical cascade, but that it was present in the common an-
found in sea stars, the specific expression of the Sp064 gene igestor of the vertebrates. It is now clear, with this first character-
coelomocytes suggests that these cells are involved in producingation of a C3 homologue from the phylogenetically older deu-
SpC3 for both local and systemic function. Although we cannotterostome phylum, the echinodermata, that this protein represents
rule out the possibility that all major tissues express Sp064 baseghe first diverging complement component. Furthermore, it is in-
on the minor bands present in all lanes in Figure 6, one of theeresting to consider the possibility that it may still bear some
functions of coelomocytes may involve patrolling and invasive similarities to the ancestral protein that functioned in the common
activities within organs when responding to microinjuries or focal ancestor of the deuterostomes that gave rise through gene dupli-
sites of inflammation. This possibility has been suggested prevication to the complement family of thioester proteins that func-
ously and was based on several ESTs encoding putative proteasg@sns in the higher vertebrates today.
that may be capable of degrading the extracellular matrix (15).
Consequently, the presence of coelomocytes in all tissues of the
adult sea urchin would be revealed by low levels of Sp%“Acknowledgments
expression.
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