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Zebrafish can be utilized for immunological research as a fish model that allows gene targeting, but lacks
enough molecular and sequence information on the complement system, a humoral innate immune factor.
The present study aimed at identification of all the major complement components at the molecular level with
phylogenetic evidence. Complementary DNA sequences encoding Clq, Clr/s, C2 (B/C2-B), C3, C4, C5, C6,
C7, C8, €9, factor B (B/C2-A), the mannose-binding lectin (MBL), two MBL-associated serine proteases,
properdin, and factor I were identified by cloning from the hepatopancreas and by database mining. As re-
ported for carp and trout, the presence of two distinct isotypes were confirmed for C3, C4, and C7 also in
zebrafish, indicating the ancient evolutionary origin of their diversifications in the vertebrate lineage.

INTRODUCTION

Zebrafish has been established as an extremely use-
ful model animal for forward genetic study for a wide
range of phenotypes. Furthermore, an efficient method
of for reverse genetic methodology, termed target—
selected inactivation of a gene, has recently been devel-
oped and proven useful to obtain a gene—knockout
zebrafish, for which any embryonic stem cells are not
available (Wienholds et al., 2002). Thus, zebrafish is con-
sidered to be useful fish species for not only developmen-
tal biology and genetics but also comparative immunol-
ogy. Especially, a recently established ragl mutant may
serve as a unique fish model that lacks totally the adap-
tive immune response for comprehensive studies on roles
of innate immunity in a fish (Swaim et al., 2006). Com-
plement is a major player of innate system, comprised of
more than 30 proteins in plasma and on cell surfaces
(Walport, 2001). To date, however, only a few comple-
ment component sequences have been reported in the
literature, in spite of the presence of highly organized
sequence databases that cover genomic and transcript
sequences as well as their chromosomal localization.
Although there are a number of complement component—
like sequence entries in the zebrafish sequence database,
they are annotated based on automatic BLAST homology
searches, and therefore, the annotations remain ambigu-
ous or sometimes misleading or confusing.

In the present study, candidate gene sequences for
the complement components were obtained by in silico
database mining and actual cDNA cloning, and the
obtained sequences were carefully evaluated for their
authenticity using phylogenetic analyses, resulting in
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identification of twenty—three zebrafish genes ortholo-
gous to complement components/factors known in mam-
mals and other teleost species as follows: C1gA, C1gB,
C1qC, Clr/s, C2 (orthologue of carp B/C2-B, Nakao et al.,
1998), C3 isotypes, C4 isotypes, Ch, C6, C7 isotypes, C8,
C9, factor B (Bf, orthologue of carp B/C2-A, Nakao et al.,
1998) isotypes, factor I (fI), MASP2, MASP3, CD11, CD18
and properdin (P).

MATERIALS AND METHODS

Animals

Adult zebrafish (Danio rerio), weighing about 1g,
were purchased from a local pet shop and kept in a circu-
lating aquarium at 27 °C with daily feeding.

Reagents

Oligonucleotide primers shown in Table 1 were syn-
thesized and supplied by GeneNet Co. (Fukuoka, Japan).
SMART RACE kit was from Clontec Japan (Tokyo, Japan).
KOD Plus DNA polymerase was obtained from Toyobo
(Tokyo, Japan). A plasmid vector, pGEM-T, was from
Promega (Tokyo, Japan), and QIAEX-II DNA purification
kit was a product of Qiagen (Tokyo, Japan).

Database search

Basic Local Alignment Search Tool (BLAST, http:/
www.ncbi.nlm.nih.bov/blast) (Altschul et al., 1990) and
SMART (http://smart.embl-heidelberg.de/) were used for
homology search, identity/similarity assessment and pro-
tein domain prediction. Amino acid sequences of com-
plement components of human, mouse, carp and trout
were used as queries of the homology search.

Preparation of RNA and first strand cDNA

Total RNA was extracted from the hepatopancreas of
adult zebrafish by the acid-guanidium-phenol-chloro-
form method (Chomczynski, 1993), using ISOGEN
reagent (Nippon Gene, Japan), and 1 pg aliquot of the



374 K T Voetal.

RNA was reverse—transcribed to first strand cDNA using
oligo—dT,, primer and Moloney murine leukemia virus
reverse transcriptase (Invitrogen, Japan), according to
the manufacturer’s instructions.

RT-PCR amplification of factorB/C2 isotypes, C6
and C7-1 isotypes

Based on respective nucleotide sequence obtained
from zebrafish DNA database, oligonucleotide primers
were designed to amplify zebrafish cDNA orthologous to
B/C2-A1, B/C2-A3, and B/C2-B of carp, and C6 and C7-1
of rainbow trout. RT-PCR amplification using KOD Plus
Polymerase Kit (Toyobo, Japan) was performed using
zebrafish hepatopancreas cDNA as template. Thirty
cycles of amplification were carried under the following
condition: 94 °C for 20 sec, 556-60 °C for 30 sec, 68 °C for
3 min.

RACE to amplify full-length cDNA of C3 isotypes

Zebrafish hepatopancreas cDNA was synthesized
from the total RNA using the Universal Primer Mix (UPM),
the SMART oligonucleotide, and Powerscript reverse
transcriptase.

A cDNA fragment encoding zebrafish C3 was ampli-
fied using a degenerated sense primer encoding the
thioester site (GCGEQNM) and the zebra—2—C3H1 primer,
under the following conditions: 30 cycles of 94 °C for
15 sec, 55 °C for 15 sec, 68°C for 2min. Then, 5~-RACE
was performed to amplify cDNA encoding N-terminal
two third of zebrafish C3, using Smart RACE cDNA Ampli-
fication Kit, employing UPM and C3-H1-N2. Reaction
was done with 25 cycles in the following conditions: 94 °©
for 5 sec, 60 ° for 10 sec, 68 © for 5 min. The residual C—ter-

Table 1. Primer sequence of PCR reaction

minal one third—encoding region was obtained by 3'-RACE,
using C3H1-N4 primer and UPM, under the same condi-
tion as above. Finally, the entire coding region was ampli-
fied by 5~RACE using UPM and C3H2-N1 primer.

RACE and Nested-PCR for cDNA sequence of
C7-2

Based on a putative partial cDNA sequence of
zebrafish C7-2 found in the database, gene—specific prim-
ers to perform 3'-RACE, 5~RACE and Nested-PCR was
designed. The 3'-RACE was done with a pair of primers:
3'GSP (sense primer) and UPM (antisense primer) (Table
1). The RACE product was subjected to a nested—-PCR
with the sense primer, 3'NGSP, and antisense primer,
NUP, under the following conditions: 30 cycles of 94 °C
for 30 sec, 64 °C for 30 sec, and 68 °C for 3 min.

With the same procedure, 5-end cDNA sequence
was amplified using antisense primer, 5’GSP, and sense
primer, UPM, then the amplicon served as a template for
the nested-PCR with 5’'NGSP primer and NUP, with the
following thermal cycling conditions: 30 cycles of 94 °C
for 30 sec, 60 °C for 30 sec, 68 °C for 3 min.

Subcloning

All the PCR products were gel-purified using 1-2%
agarose gels and QIAEX II purification kit, and ligated
with pGEM-T vector to transform £. coli DH5 o strain.
The positive clones with expected insert DNA were
picked up, and recombinant plasmids were purified by
alkaline mini—prep method (Sambrook et al., 1989).

Nucleotide sequencing
Nucleotide sequences were determined using dide-

Gene- Sequence (5-3") Reaction
primer name

Clr/s—P1 (sense) GTCTGCCTAACAGTTATGGATGG RT-PCR
Clr/s—P2 (antisense) ACCCCAAGACACAATGCCTC RT-PCR
fB/A1-P1 (sense) CCCCTGACTGTTTGCTTCTG RT-PCR
fB/A1-P2 (antisense) TCAAACTGCTCTCACACACTTTCAG RT-PCR
fB/A3-P1 (sense) TGCTGTGTGAACCTGACAGG RT-PCR
fB/A3-P2 (antisense) TCCACAATGCTTTCAATGAGGCACAATACA RT-PCR
fB/C2B-P1 (sense) ATCTGAGCGTCCGGGTTACA RT-PCR
fB/C2B-P2 (antisense) CCTTGGTGTTTCTCACTGTGAGGT RT-PCR
C6-P1 (sense) GGCCTTCATGCTGAAGTCCA RT-PCR
C6-P2 (antisense) GACCGTTGTCATGGAGATCATAATGG RT-PCR
C7-1-P1 (sense) AAGATGTGCCCTCAGTCCTC RT-PCR
C7-1-P2 (antisense) GTGCATATGGGCATTCTTCAT RT-PCR
C7-2-3'GSP (antisense) TGAACTGGTGAAAGAAGTGCCGTGT 3-RACE
C7-2-5'NGSP (sense) TGTAAACCGGGAACTAGTGGCCAAG 3'-RACE
C7-2-5'GSP (antisense) GCCCACCGGATACACATCTTTAGGA 5-RACE
C7-2-5’'NGSP (sense) GCGTTTTACAGCTTTCCCTGGGTTT 5-RACE
NUP AAGCAGTGGTATCAACGCAGAGT Nested-PCR
UPM (long) CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT RACE
UPM (short) AAGCAGTGGTATCAACGCAGAGT RACE
C3-GCGEQNM (sense) GNTGYGGNGARCARAAYATG RT-PCR
C3—zebra—2-C3H1 (antisense) GGTGTAATGCAGTTATGTCAAACATCCTCCTG RT-PCR
C3—zebra—C3H1-N2 (antisense) TTCATGCAGACTACCAACTGTTCCCCCACA 5-RACE
C3-C3H1-N4 (sense) AGTTATGCACAAACAACTACCAGATGGCTC 3-RACE
C3-C3H2-N1 (antisense) ACACACAATTTATTTGGAAATAGGAAAGATGGTGTTG 5-RACE
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Zebrafish C3-2
Carp C3-H1
Carp C3-3
Carp C3-Q1
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Carp C3-3
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Zebrafish C3-1
Zebrafish C3-2
Carp C3-H1
Carp C3-S
Carp C3-01

Zebrafish C3-1
Zebrafish C3-2
Carp C3-H1
Carp C3-S
Carp C3-Q1

Zebrafish C3-1
Zebrafish C3-2
Carp C3-H1
Carp C3-S
Carp C3-Q1
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Zebrafish C3-2
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Signal peptide
MEVKLLFLSAVLLSSALLTLCDPLYVLMAPNLLRVGSSENVEFVEAQDYSGEPLRVKISVK
MEVKLLFLSAVLLSSALLTLCDPLYVLSAPNLLRVGSSENVEVEAQDYSGGPLNVRISVK
MEVKLLFLTVVLLSSPLLTLCNPLYVLSAPNLLRVGSSENVEVEAQDYSGAAFDVKI IVK
MGVKLLFLTVVLLSSPLLTLCDPLFVLSAPNLLRVGSSENVEVEAQDYSGAATEVKI IVK

NFPAKNVEMMOKTVTLTG-EKYQILTDIEIPDDKNFFSDD-EKKQYVYLQAHFPSVTLEK
NFPAKNVEMMOKTVTLTG-AKYQSLTDIEIPGDRNYFSDD-KIKQYVYLOQAHFPSVTLEK
NHPKKDKEILSQSVSLTAANNFQILKDIKIPDDONYFSDDPLEKQYVYLQAHFPSVILEK
NHPKKDREILSQSVRLTADNNFQITKDIKIPDDONYFSDNPLEKQYVYLQAQFPSVTLEK

VVMVSFQSGYLFVQTDKPIYTPGSNVQYRIFSMTPNLKPLSQPGITVDIMNPQGITVASD
VVMVSFQSGYLFVQTDKPIYTPGSNVHYRIFSMTPNLKPFSKPGITVDITNPQGITVASD
VVLLSFQSGYIFVQTDKPIYTPASTVQYRIFSLTPNLEPLSQSGITVEIMNPQGITVSSE
EVMVSFQSGYIFVQTDKPIYTPASTVQYRIFSLTPNLEPLSQSGITVEIMNPQGITVSSE

ATKAEKGVKSSIYNIPDVTSLGMWKVVTRYTNTPLKTFTAEFEVKEYVLPTFEVKLTPSS
TIFAEKGVKSSIYNIPEVTSLGMWKVVTRYANTPOQKTFTAEFEVKEYVLPTFEVKLKTSK
KIFPVKGMKSGKYAIPEMASPGIWKVVTLEFSNTPOQKTFTADFEVKEYVLPTFEVKLKPSK
KIFPVKGMKSGKYPIPEIASPGIWKVVTLESNTPQKKFTADFEVKEYVLPTFEVKLKPSK

FFYYVGDNKQENDEEDSLTVDIEAKYLFGKKMDGNAFVVFGVMDGAAKTSIVNSLOKVPV
SFYYVGDSKPKNNEDDSLTVDIEAKYLFGKKMDGNAFVVFGVMDGAMKTSIVNSLQKVQV
SFFYVHD--—----—- ESLTVDIEAKYLFGQKVDGNAFVMFGVMEDEKKTSIPASLOKVQI
SFFYVGD-—-—---—- PSLTVDIEAKYLFGQKVDGNAFVVFGVMNGEKKISIPTSLQKVQI

VNGVGTAELTREMITKTFKNIKDLVGKSIYVSVNLLTESGSEMVEAEKRGIQIVTSPYTI
FNGVGTAELTREMITKTFKNIKDLVGKSIYVSVNLLTESGSEMVEAEKRGIQIVTSPYTI
IKGEGTAELTNQMITKTEFPNINQLVGRSIYVSVSLLTESGSEMVEAERRGIQIVTSPYTI
IRGEGTAELTSGMITKTEFPNINQLVGQSIYVSVSVLTESGSEMVEAERRGIQIVTSPYST

HYKRTSQFFKPGMPLGVSVYVTNPDETPAKDVEVEVLVDGKGGVSGKTRDNGIAKVKVNT
HYKRTSQFFKPGMPLGVSVYVTNPDETPAEDVEVEVLVDGVGGVNSKTKANGIAKVTVNT
HFRKTPQFFKPGMPFDVSVYVTNPDQTPAVNVEVEVN---PGGLRGQTRANGIAKVTVNT
HFKKTTQFFKPGMPFDVSVYVTNPDQTPAVNVEVEVVGS-QGTVKGQTKHNGIAKVTVNT

PGGASTLKITAKTKNTEYTSEQQ-AVKTMTAQAYKTKHDSKNYLHINIESAEFEIGDQMT
KAGVSTLKITATTRDPELANEQQ-ADKTMIAQAYKTNLGSKNYLHINIESAEFEIGDOMT
PGGSPTLAITAKTKDPEIKDERQOQAEKRMTAQAYIPKGGSNNYLHIGIDAAELQISDPMK
LGGSSTQEITAKTKDPQLRDNQQAVKKMTAHAYIPKDASKKNYLHIGIDAAELQMGDSMK

VNLITGQSSGDRDQDYTYMILSKGQIVLAERFKRQGQTLVTLSLTITKEMVPSFRFVAYY

VYLNTGESPGVKDQDFTYMILSKGQIVLAERFKRQGQTLVSLSLPVTKDMVPSFRFVAYY

VNLNTGQSPGVKDQDYTYMILSKGQIVKVDRFKRKGQSLVTLPVTVTKDMVPSFRFVAYY

VFLNTGQSPGVKDQDYTYMILSKGQIVSVDRFKRRGQSLVSLPVPVTKDMVPSFRFVAYY

——————————————————— ILSKGQIVKVDRFKRKGQSLVALSLTVTKDMVPSFRFVAYY
* ok ok ok ok ok ok *

koK ok ok ok ok k ok ok ok

HVGKDEVVSDSVWVDVKDTCMGKLNVEVKEKKN-TYETGNDVNLHITGDPGARVGLVVVD

HVGKDEVVSDSVWVDVKDTCMGKLKVEVTEKQK-FYETGNEVNLQISGDPGARVGLVVVD

HVG-LEVVSDSVWVDVKDTCMGKLQIKVKNKMN-TYGTGDEVKLQITGDPGAKVGLVVVD

HVGSSEVVSDSVWVDVKDTCMGKLQVKVKDKMN-TYDTGDEVKLEITGDPGAKVGLVVVD

LVGSSEVVSDSVWVDVKDTCMGTLQLKVKEKSGKSYDTGDEVKLQITGDPGAKVGLVVVD
* *

Kok kR kkok kX kK kKX KKK KK Hk KKK o KKk kK Xk

KAVQVLNKNRLTQSKVWDVIEKHDTGCTGGGGKDSMGVESDAGLIFESNTAGGTDTRTVP
KAVQVLNKNRLTQSKIWDVIEKHDTGCTGGGGKDSMGVEFSDAGLMFESDPAGGTNTRTEP
KAVQVLNKNRLTQTQIWDVIEKHDTGCTAGGGKDSMGVEFTDAGLMFESSTAGGTNTRTMP
KAVQVLNKNRLTQTQIWDVIEKHDTGCTAGGGRDRMGVFTDAGLMFQSNTAGGTNIRTMP
KAVQVLNKNRLTQTKIWDVIEKHDTGCTAGGGRDSMGVFTDAGLMFVSNGAGRTNTRTVP

hkkkhkhhkhhkhhhhkesohhhhhhhhhhhh Khkkok Khhkkehkkhhks* * Kk ke kK K

B—o processing site
ECPAPLKRKRRSESLQTITTTLAGQYTEKIRPCCYDGMRNNRIGYTCERRASYVIDGEEC
TCPAPPKRKRRSESLQTITTTLAGQYTEKIRPCCYDGMRNNRIGYTCERRASYVIDGEEC
ECPKTSKRKRRAESLLOITSTLAGKYTGELKQCCVDGMRDNKLGYTCERRATY IVDGEAC
ECPKPSKRRRRAESLLKITSTLAEKYSGELKQCCVDGMRENKLGYTCDRRSRY IADGKEC
ECTIPAKRKRRSESLLQITSTLAGKYPGELKQCCVDGMRNNKFGYTCERRATYIIDGEGC

*. . **:**:*** **:*** :*. ] * * ****:*::****:**: *: **: *

/ C3-convertase cleavage site
VKAFLHCCKEVKNHKEKETEEEELILARSDEDEEGDYKDYDDITSRTQFPESWLWEEFDL
VKAFLHCCKEVKNHKETEEEELILARKDDEEIYDEDYEDYDDITSRTQF PESWLWEEFDL
AKAFVDCCNKIKDRKNTETEEEEMLLARSDDD-DDYYTESEEIVSRTQFPESWLWEEIDL
VDAFLHCCNOMKTHKDVKDEVEEMVLARSDDD-DDYYTESEEIVSRTQFPESWLWEEI DL
VKVELECCNLMKTHKNMKTEEEELILARSDDD- DDYYIDSEDIVSRTQFPESWLWEENDL

* % K * *

* Kok Kok Kk ok Kk

CDK----CSKPSKDKVIYLKDSITTWQILAISLSPTHGICVAEPEEIVVFKSFFIDLKVP
CDK----CSKPSKNKVTYLKDSITTWQILAISLSPTHGICVAEPEEIVVFKSFFIDLKVP

CDK----CPTPATEKVIYLKDSITTWEILAVSLSPTLGICVAEPEEMVVFKHLFIDLKMP
CDK----CAIPTKEKAIYLKDSITTWQILAISLSPTLGICVAEPEEIVVFKSLFIDLKMP
PTCRETNCGTTSVTKVIYLKDSITTWQILAVSLSPTLGICVAEPEEVVVLKSFFIDLKMP

********** Kk k ok ek k ok ok ok ********* ** ***** *

YSAVRGEQVEIKAITHNYTPKHLKKVRVEFLETAGVCSAASKKGKYRTTVNVDKDSSVAV
YSAVRGEQVEIKAITHNYTPKHLKKVRVEFLETAGVCSAASKKGKYRATVNVDKDSSVAV
YSAVRGEQLEIRAITHNYTPN-KQKVRVEFMETEDVCSFASKKGKYRTTVSVEKDSSISV
YSAVRGEQLEIRAITHNYTPK-KQKVRVEFMETEDVCSSASKKGKYRTTVSVDKGSSISV
YSAVRGEQLETIKAITHNYSQMNMKKVRVEFMETEDICSSASKKGKYRTTVSVEKDSSISV

Kk hkkhkkhkk o kk o kkkkkk o skokkokkok s kK skk kkkkkkkkokk kek kko ook

SEFVIVPMTLESQHIEVKASISD--YEDGVRKTLKVVSEGVLTKFRTEKLELNPGKKGEKP
SFVIVPMTLESQHIEVKASILD--YTDGVRKTLKVVSEGVLTKFRSQKLELNPAKKGEQP
SYVIIPMTLGNHMIEVKASAYDAIYTDGVRKPLKVVSEGVLIPLHRKNVELNPVKNGEKP
SYVITIPMTLGNHMIEVKASAYDSIYTDGVRKPLKVVAEGVLVPLQRONLELNPAKNGEKP
SYVIIPMKLGNHDIEVKASAYD--FTDGVRKPLKVVSEGVRSELLNRTLDLNPAKNGEKT
*:**:**.* . * ok ok ok ok ok * H *****-****:*** : ..::*** *:**:.

(Continues to the next page)
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Zebrafish C3-1
Zebrafish C3-2
Carp C3-H1
Carp C3-S
Carp C3-01

Zebrafish C3-1
Zebrafish C3-2
Carp C3-H1
Carp C3-S
Carp C3-01

Zebrafish C3-1
Zebrafish C3-2
Carp C3-H1
Carp C3-S
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Carp C3-H1
Carp C3-S
Carp C3-01

Zebrafish C3-1

Zebrafish C3-2

Carp C3-H1
Carp C3-S
Carp C3-Q1

Zebrafish C3-1
Zebrafish C3-2

Carp C3-H1
Carp C3-S
Carp C3-Q1

Zebrafish C3-1
Zebrafish C3-2

Carp C3-H1
Carp C3-S
Carp C3-01

Zebrafish C3-1
Zebrafish C3-2

Carp C3-H1
Carp C3-S
Carp C3-01

Zebrafish C3-1
Zebrafish C3-2

Carp C3-H1
Carp C3-S
Carp C3-01

K T Voetal.

Thioester site

LVLRSGIPADQVPGTPVNSYITVTGEEISQSIEQAINGSFMGELIIQPHGCGEQNMVTMT
LLLRAGIPGDQVPGTPVHSYITVTGEEISQSIEHAINGSFMGELIKRPGGCGEQNMAKMT
IVLKSDIPVDRVPDTPANTYISITGEEIAQTVEQAISGDFMGRLIIQPNGCGEQIMIGMT
ILLKGEIPADRVPDTPANTYISITGEEISQTVEQAISGDFMGRLIVQPSGCGEQNMIGMT
IVLKSVIPADQLPDTPANMYISISGIEISQTVEQAINGSFMGSLIVQPSGCGEQNMIGMT

k. Kk ke ek Kk . Dok kkakaakookk X kkk kk ok kkxkKk x * K

LPFIATHYLDNTNQWEYVGIDRRKVAINHIKTGYEGQLKFRKQDGSYALWIETDSSTWLT
LPVVATHYLDNTNQWESVGIDRRKVAINHIKTGYDGQLKYRKPDGSYAIWINTPSSTWLT
LPVIATHYLDSTSQWETVGMERRNEAINHIKTGYQRQLGYRKSDGSYAAWKDRPSSTWLT
LPVIATHYLDNTNQWEAVGIQRRTEALNHIRTGYQRQLTYRKSDGSYAAFTSRPSSTWLT
LPLIATHYLDSTNQWDTIGTERRNEAINHIKTGYQGQLKYRKPDGSYAIWKTTPSSTWLT

Kok aokkkkkk ok koky sk skKk | kakkkgokkky kk aokk kkkkx Kok Kk KKk

The catalytic site

AYVAKVFAMASKLIAIEENVICSALKWLVMHKQLPDGSFKEDKPVYHREIMGGIEGQONTD
AYVAKVFAMANDFFAIEENVICSALKWLVMHKQLPDGSFKEDAPVYDKSIMGGIEGQONTD
AYVAKVFSMANDFATIEKNVLCSALKWLVLHKQLPDGSFKEESAVIHGEMVGDVRGKDAD
AYVAKVFATANNLVTIEENVICSALKWLVLHKQLPDGSFKEDSAVISSGMVGDVQGQONAD
AYVAKVFAMASNLANIEENVLCSALKWLILHKQLPDGSFKEDSAVRQSEMVGGVRGKDAD

Kok kkokokok g2k . Hok g kok gk kkkkkk g s Xk K kKX kKKK Kk o *

VSLTAFVLIAMQEGKEICGGAVGSLHESIRKSVAFLKNQLTKLTNPYAAALTSYALANAD
VSLTAFVLIAMQEGKEICGGTVGSLHESMRKAVAFLKDRLPKLTNPYAVALTSYALANAD
ASLTAFVVIAMQEAREICGESVGSLHESIRKAVVFLEGRVPQLTNPYAVAMTSYAMANEN
ASLTAFVVIAMQEGREICAGSVASLQESIRKAVSFLEGRLPQLTNPYAVAMTSYAMASEN
ASLTAFVLIAMQEGREICAGSISSLHESMRKAVSFLEGRLPQLTNPYAVAMTSYAMANEN

* ok k. .. .

L KoKk kkok g kK koK ok SKK kK Lk k%, SX KKKk K kgxkokok gk

SLDKEILMKHSTKGNDGRFWNVPGWHYHSIEATAYAVLALVKAKDYDTAGEAVHWLAKQK

SLNKAILMMHSTKVNDGRFWNVPERQYYSIEATAYAVLALVKAKDYDTAGEAVHWLAKQK
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Fig. 1. Alignment of amino acid sequences of zebrafish C3-1 and C3-2 with those of two major
C3 isotypes of carp. Signal peptides, and other functional sites such as b—a processing
site, C3—convertase cleavage site, the thioester site, and the catalytic site are shown in
bold and denoted above the sequence. Asterisks are identical residues shared by all
the sequences, and residues with similar side—chains are marked by a single or doublet
dots below the sequence.

oxy chain termination method (Sanger et al., 1977) on an
Applied Biosystems 377 and Beackman CEQ-8800
sequencers. De novo sequences were determined on
both strands, following a primer—walking strategy.

Multiple sequence alignment and phylogenetic tree
analysis
Multiple alignment of amino acid sequences was gen-

erated using CLUSTAL X software (Thompson et al.,
1997). The neighbor—joining method (Saitou and Nei,
1987) was employed to obtain phylogenetic trees based
on the alignment, and visualized with the Njplot software
(Persson, 2000). Bootstrap resampling analysis from
1000 replicates was used to evaluate reliability of given
partitioning.
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RESULTS

cDNA cloning of C3, Clr/s, B/C2-A, C6, and C7 from
zebrafish hepatopancreas
C3 1s forms (C3—1 and C3-2)

As a result of RACE-based cloning, two distinct full-
length cDNA of zebrafish C3 isoforms, designated C3-1
and C3-2, were obtained after assembly of the overlap-
ping sequence fragments of the RACE products. The
full-length cDNA of zebrafish C3-1 molecule is 5170 bp—
long containing an open reading frame of 4953 bp encod-
ing 1651 amino acids. Zebrafish C3-2 cDNA consists of
5165 bp including a 4953 bp-long open reading frame
that codes for 1651 amino acid.

Multiple alignment of the deduced sequences of the
zebrafish C3 isoforms with those of other species shows
that several important sites are conserved among the
species (Fig. 1). In the zebrafish C3 molecules, the
thioester site (CGEQ), a post-translational processing
site to produce the typical two—chain structure (RXXR),
and a cleavage site for C3—convertase are well conserved
in all the sequence analyzed. However, the amino acid
residue at the catalytic site of zebrafish C3—-1 and C3-2
are histidine and aspartic acid, respectively. Comparing
with other teleosts, two zebrafish C3 molecules share the
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highest identity each other (91%). In silico analysis using
Ensemble zebrafish genome browser (http://www.ensem-
ble. Org/Danio_rerio/Info/Index) reveal that the loci of
C3-1 and C3-2 locate in tandem on chromosome 1 of
zebrafish genomic (data not shown).

By using the neighboring—joining method, a phyloge-
netic tree of thioester—containing proteins was drawn
with sequences of C3, C4 and C5 from various vertebrate
species. As shown in Fig. 2, two or more C3 isoforms of
each teleost species form respective clusters within each
teleost lineage, suggesting that the duplication of C3 iso-
forms in carp, trout, zebrafish, flounder, spotted wolffish
and medaka fish took place independently in the lineages
leading to respective species.

Clv/s

Zebrafish Clr/s cDNA has been amplified by RT-PCR.
After cloning and sequencing, a complete cDNA sequence
of Clr/s molecule was determined to be encoding 661
amino acids. This Clr/s molecule is composed of six
domains. From the N-terminus, two CUB (C1r/C1s, Uegf,
and bone morphogenetic protein type 1) domains clamps
an EGF (epidermal growth factor) domain, followed by
two repetitive CCP (complement control protein) mod-
ules and finishes by a Trp—SP (Trypsin-like serine pro-
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Fig. 2. Neighbor—joining phylogenetic tree of C3, C4, and C5 family members in chordates. Bootstrap
percentages less than 900, after 1000 replications, are shown. Abbreviations: A2M, alpha—2—
macroglobulin; A1M, alpha—1-macroglobulin; CVF, cobra venom factor.



378 K T Voetal.

tease) domain. The triad catalytic residues (His, Asp and
Ser) in the Trp—SP domain and cysteine residues through
the amino acid sequence in Clr/s molecule are well con-
served in zebrafish Clr/s, as revealed in the multiple
alignment (Fig. 3).

Zebrafish Clr/s amino acid sequence shared the high-
est identity with carp Clr/s-B and carp Clr/s—A (71.8%
and 70.6%, respectively), followed by trout C1r/s, mouse
Clr, human Clr with 46.1%, 33.6%, 33.5% identity,
respectively. This Clr/s molecule of zebrafish only shares
30.4% identity with mouse and human Cls.

In the phylogenetic tree of Clr/s and MASP family
(Fig. 4), zebrafish Cl1r/s is in the group of bony fish Clr/s
with carp, trout and yellowed perch and this fish Clr/s
group forms a cluster with mammalian Clr, separates
from Cls and MASP branch.

The gene coding for zebrafish Clr/s locates on chro-
mosome 6 of zebrafish genome (data not shown).

B/C2 isotypes
We obtained two distinct zebrafish B/C2 cDNA
sequences similar to B/C2—A1 and B/C2-A3, respectively,

/ CUB-1
ZebrafishClrs ———MDGIHLIICLLWACVNVCECDLAMFGEVSSPQYPDPYPADLQKQWDLEVPQGFQIQL
CarpClrsA MFV..RV....... Geveeennn EP.eeeeeeeenns Q. NIooeeeeeeonn Y.L.
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Fig. 3. Alignment of deduced amino acid sequence of zebrafish Clr/s with carp Clr/s—A and Clr/s-B se-
quences. Dots show residues identical to that of zebrafish B/C2-A1, and hyphens are indels. Do-
main names are denoted above the sequences, using the following abbreviations: C1r/Cls, Uegf,
and Bmpl-specific domain (CUB), epidermal growth factor domain (EGF), complement control
protein module (CCP), and trypsin—type serine protease domain (Trp_SP). The catalytic triad
residues (His, Asp and Ser) of Trp_SP domain are denoted by “#”.
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Fig. 4. Neighbor—joining phylogenetic tree of members of C1r/C1s/MASP family in chordates.
Bootstrap percentages less than 900, after 1000 replications, are shown.

of carp by RT-PCR. The cDNA of zebrafish B/C2-Al and
B/C2—-A3 molecules have the length of 2314 bp and 2356
bp, respectively. Zebrafish B/C2—-A1 molecule has a read-
ing frame of 2277 bp encoding for 759 amino acids.
Zebrafish B/C2—-A3 molecule is constructed by 749 amino
acid corresponding to 2247 bp-long coding region.

By the result of multiple alignment and domain anal-
ysis, it was found that both B/C2-A isotypes in zebrafish
are built up by three CCP modules, one VWA (von Wille-
brand factor type A) domain and a Trp_SP domain. The
triad catalytic residues (His, Asp and Ser) are conserved
in the Trp_SP domain in both molecules (Fig. b5).
Zebrafish B/C2-A1 shares the highest similarity (64.6%)
with carp B/C2-A2 while zebrafish B/C2-A3 shares that
one with carp B/C2-A3 (73.3%).

On the other hand, the full-length of zebrafish B/
C2-B cDNA includes 2402 bp with an reading frame of
2367 bp encoding 789 amino acids. The primary struc-
ture was organized into six domains: four CCP modules, a
VWF' domain and one Trp_SPc domain. The catalytic
triad residues in SP domain are conserved in zebrafish B/
C2-B (Fig. 5). The alignment of zebrafish FB/C2B amino
acid sequence with other fish species also shows that
zebrafish FB-C2B amino acid sequence shares the high-
est similarity with carp B/C2-B (66.2%), followed by
trout B/C2-B (45.4%).

The phylogenetic tree of FB family shows that
zebrafish B/C2—-A1 and B/C2-A3 forms a cluster carp B/
C2-Al and B/C2-A3, respectively. They form a clade
together with other teleost Bf and mammalian Bf, sug-
gesting that B/C2-A lineage represent teleost Bf. On the

other hand, zebrafish B/C2-B clustered together with
other fish species B/C2-B and mammalian C2 derived
from the same ancestor (Fig. 6).

In the zebrafish genome, loci of B/C2-Al1 and B/
C2-A3 are harbored in tandem on chromosome 21,
whereas B/C2-B locus is on chromosome 7 (data not
shown).

C6

A full-length zebrafish C6 cDNA was gained and
found to be 2775 bp in length with a reading frame 2736
bp encoding 912 amino acids. The deduce amino acid
sequence of zebrafish C6 was aligned with trout, human
and mouse C6 (Fig. 7). From the alignment, conserved
structural back born such as typical mammalian C6-like
domain architecture: three thrombospondin domain type
1 (TSP1) domains, a low—density lipoprotein receptor
type-A domain (LDLa), two CCP modules, an EGF
domain, two factor I membrane attack complex domains
(FIMAC) and a MAC/perforin (MACPF) domains.
Zebrafish C6 shows the highest amino acid identity
(563.9%) with trout C6, followed by human and mouse
counterparts with 41.5% and 35.7%, respectively.

In agreement with the alignment result, the phyloge-
netic tree analysis of C6, C7, C8 and C9 also supported
that the sequence cloned here is zebrafish orthologue of
mammalian C6 (Fig. 8). Zebrafish C6 locus was found on
chromosome 21 (data not shown).

C7-1 and C7-2
Full-length cDNA sequences encoding of two similar
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but distinct zebrafish C7-like molecules, designated C7-1
and C7-2. Zebrafish C7-1 (2585 bp) specifies 820 amino
acids, while zebrafish C7-2 (2433 bp) 810 residues (data
not shown). Both zebrafish C7-1 and C7-2 have typical
domains composition of C7: two TSP1 domains, an LDLa
domain, a MACPF domain, an EGF domain, two CCPs
and two FIMAC domains (Fig. 9). The result of the align-
ment of deduced amino acid sequences of zebrafish C7-1
and C7-2 with human C7, trout C7, and halibut C7 dis-
plays that zebrafish C7-1 and zebrafish C7-2, share 47.3%
identity with each other, show the highest identity with
trout C7 among other teleost species.

In the phylogenetic tree zebrafish C7-1 and C7-2 are
in the branch of C7 with other species (Fig. 8). In

zebrafish genome, C7-1 locates in chromosome 21 as
does C6, and but C7-2 locus is on chromosome 8 (data
not shown).

Identification of genes encoding zebrafish ClqA,
ClgB, C1qC, C4-1, C4-2, C5, CS8, C9, CD11, CD18,
MASP2, MASP3 , fI and P by in silico cloning

As the zebrafish genome database grows increasingly
rich in the sequence data with satisfactory accuracy, in
silico approach to get entire cDNA sequence of the com-
plement component genes has been becoming promising
to get fairly reliable sequence data. Thus we have utilized
the genomic and automatically transcribed sequence data
from the database to retrieve candidate genes for several
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.T...AL.S.ER.R.G.K.H.L.Q.G.DML.PSE.H...SKE...A..R...QY...QP

| / VWF  +++++
MEAAEAFGNSLTTTLTVQQGFE-DDQHGKKISLDRG-GKLDIYIAVDASDSIDPKDFGKA

.SD..SS..VSN.QLT.LH.ET..Y....QVHK.-........ L.V..... EE..ER.
E..S...SS..KSN.A.EKEE----.0Q. eTeeQimeeeeenoocancns VEE...DY.
.S...55..KSN.A.S.QY. KE..Q....TMNQ —eeetcettttenne E...K...EN.
.SDG.SS..KSN.A.S.QY.GT..Y....RVGK.-........ L.V..... EE..E..

AIV.Q.L.G..SAA.D.SLPDFKKKGQSLGRTIKVEE.R.NVF.LM.T.G..SQDT.QA.
DAV.Q.L.G...AVMD.SHPDFKKQEQALGRTIRVAE.R.NVF.LL.T.A..S.ES.HL.

KKIIKTLIEKISYYEVSPNYEILMFATDVDQIVKMRDFKTNEKARNISKIFEDLDNFNYD
.D

Ve eeeoeooooosooonnnnns L....T.R.IS..E..NGQGK-DLL..IQK.QDYA.
.TT..L.L...... ) TP.I..NQ..MQKPT--LTD..KEM.E.T.
.TT..M..D..... ) TR.TS..... N..D...LMN..K...D...E
eGVieieeeecensoccncnnnas I..... AR..S..... SAQ.N-.LLE.LKR.KDYE.N
..A.IE.VR.LDS...NMKFD.VSY.SEPRE. .SIMS.NSHDVD----FVLRK.SE.SDE
.NATIQ.VQ.LDS...TMRFG.ISY.SEAKE..SITNDLSQDVH----YVMRK.HE.SDK

KKGDRTGTNIAKLYLKILDSMSLEQVQNKEDFLQTQHVIIVFTDGQANMGGNPKPKVDLI

QQS ..... QOA.N..YE..TI.LMT..... KA...IV.M. ..o S...L..K.
ceesKevaann V.TV.EE..KI.ELN.ATV.SE...I..L.S..H.voooeennn EQ.
RV.VK ....... A.TA..E.IK..ELN.AAT.NE...IV.L...cceeeeonn R...EQ.
Seevesencnn OA.RS..E..QI..MT...E.KT...IV.M. ..o ennnn R. W..Q

VHEN.R..DLS.ALERVYGQLA.LRENK.SH.NE..NIL.IA...HS...P..QIMLNK.
SH.NKR...LHDALN.VYEELA.LRENKRSH.NE..N...IA...YS...PS.INILPK.

(Continues to the next page.)
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ZebrafishB/C2-Al KNLVIKNNA---S- RENKLDLYVFGVGKDVKKEDMNGLVSEKKDERHFFKLPDLDEVQNT

ZebrafishB/C2-A3 .S..RQ.S—————- V.E..E..... ..HA..I.D.KTDRAN.KF. .KS..DLKE.

CarpB/C2-Al .R..T..DP-—-K-..K.oieterenon —..NQD.V ..... ORDQ.K..... Q..0...EM
CarpB/C2-A2 .H..T..HP-—-N-..KN......... D..NQ..I..... ORDQ.KY. .K..T...KM
CarpB/C2-A3 .D..K..SP---.EE.EN....... M.D..NA..I.D.KTDRGN.KF. .KN. EDL E.
ZebrafishB/C2-B RS.LGYKPSSVDHTQ.EL..V...A..... NRK. LTSFA.S..G.K.V.V.Q.YQQLGYV
CarpB/C2-B R..FGYKSS-VDHTK.EL..V...A..QQ.N.QELQSTIA.I...... V.V.K.YRQLGLV

/ Trp_ SP

ZebrafishB/C2-Al FDLMLDDSTVVGLCGMQQNYD———GSNKRSAYPWLAQLSIAQ———SQISDCMGSLVTSRY
ZebrafishB/C2-A3 .N.I.EGNS.E...LYKD..DEFE.H..RQ..... KI.--RST-GKN.K. .SF
CarpB/C2-Al ..N.I.E..S ..... IVWEGLE----...R.F..... IN..R-—-TKG.N........ S.

CarpB/C2-A2 ..D.I.E..S..... IVWEGLE----...R.F..... IN.QHPSA.KG.N...... S.S.
CarpB/C2-A3 ..S.I.EG.S.E...LYRD..DGTD.H..QQ..... KI.VTRNN-GK..N.L...... SF
ZebrafishB/C2-B .NQ.IS..-A.TK..IA.EEQSA-ADDVSYTK. .HVD.LWGTKT---—-—— .R..I.SESM
CarpB/C2-B .NQ.IS..-A.TK..VA.EEQDK-SETSYTSK. .HVDILWGPRT---—-—— .R..IL.KSM

#

ZebrafishB/C2-Al ILTAAHCFKEGDTP--———— DKITVYLEKN-TDVKVEKVFIHPNYSLTAKQSIGIKEFYD
ZebrafishB/C2-A3  ........ RVD...-—=——- AT..ID..SENQGI..KYIHS..D.NIK..LNL..P.Y.E
CarpB/C2-Al = i iiiiiieeeenn He———— ... Q...D-KP...K.YV...Y.N..... QM..Q.Y.E
CarpB/C2-A2 = iiiiiietetensammm——— ., K...D-LV. KNFTL .K.KPK. .Q.C.E
CarpB/C2-A3 .iiieeen RF....——=——- .R...D. GS IKGI .KDYIP..R.DIA. KV .P.Y.E
ZebrafishB/C2-B Veeeoon LIKASG————VKATPADIKITHGAGE .AVELIV. SQFNVSGLKDKDV .....
CarpB/C2-B Veeeoon LIKV.SDESVSKASAEDITVQHGNGR. .AMELIL..RFD.KGLKDKNV.....

#
ZebrafishB/C2-Al FDVALLQLKTPVKMSVNLRPICLPCTKETNRALKLSDSQGTCEKHEQILLSNELVDAAFT

ZebrafishB/C2-A3  ........ EK..ooeeeeonnn Teeeeonn G..R...RE...K..KEL.MTG.T.K...M
CarpB/C2-A1  ..... I..EK..DF.ST..... Teeeeonn Geeeoo E.E...R...E..M..... E.S..
CarpB/C2-A2 ..... I..EKA.E..F...... Teeeeonn Geeooo E.E...K...E..MN....E....
CarpB/C2-A3  ..... I..EK..I.DLG..... J SG..R...RE...R.QQEE.M.ADT.K.N.M
ZebrafishB/C2-B Y.I..IRM.ENITI.RQT......... SS....RMAAGS-..DQ..RV..HL.ETP.H.I
CarpB/C2-B Y.I..IR.SD-ITI.K.A........ SSS....RMAPDS-A.DQ.KNM. .HLDETP.Q.I

ZebrafishB/C2-Al SKMDMEKRSPRKIRRITVKLGKYLDACVEDAKKKE--SKWQTR-RRQLOQKISCSGGNQPQ

ZebrafishB/C2-A3 .EVRTKT----EQKD..I.Q..LRQ........ AAGMTAEKAT-DIVTDNFL....ID.T
CarpB/C2-Al .D.ETD-H..KH.KN.IF..... ) AKGINVENA. EAVTDNFL....IE.E
CarpB/C2-A2 .E..ND-N..KN.KN.MI..... Riceeeonnn AKGINVKNA.-EVVTDNFL..... E.K
CarpB/C2-A3 .V.GKSIE----KKQ..I.Q..WR.eeeueonn ADGITATNAK-DIVTDNFL....IE.T
ZebrafishB/C2-B .QGTHR-—-————— ADTHIHS .AKREK.T.K.RSVLQENSRA.LTDIITERFM.T. .SDRN
CarpB/C2-B ROGTHR-=————— SDTRIHI.AKRGS.I.E.RSTIPEHSTASLSEVITDRFM.T. .TEKN

#
ZebrafishB/C2-Al RDDVSCKGESGGATHVDKYGRLIQIGVVSWGVKNLCSKAKLDAVSVSDSRDYHINLLRPD

ZebrafishB/C2-A3 T.EIA...D..... F.VPG..VV.V.I...... D..K-RSPKPR.E.YT. .T..FSAK
CarpB/C2-Al T...Aceeeennns SY.N.K..VF.V.II ..... DI.KGSSKKFT.DA...... S..FSES
CarpB/C2-A2 T...A...D..... Y.N.K..V..V........ DV.K-E.RRFI.DA...... S..FSEK
CarpB/C2-A3 V..IA...D..... F.VPGS.IV.V.I...... D..K-NNQKPK.D.HT....TS.FS.E
ZebrafishB/C2-B THHIT...D....LFLRRRM.YF.VRLL.VIFI-=———————————— o — — ——
CarpB/C2-B .VQLT...D...PLFLR.RM.YF.VA..... T.QI.DSQTDVKEWPQ.A..F..SVFPLM

ZebrafishB/C2-Al IQSFLKKHLENDKLGHTLTFLP ————————

ZebrafishB/C2-A3 [ Y.ADE...TP.. . Me—————
CarpB/C2-Al R.e..E.ounn RI.NP..... KNETVSAG
CarpB/C2-A2 ReweoBeemmmmmmmm
CarpB/C2-A3 VRE...RY.G.E...TP....—————————
ZebrafishB/C2-B  ————— o
CarpB/C2-B PWLKQHL.E.LEF.P-————— oo ————

Fig. 5. Alignment of deduced amino acid sequences of zebrafish B/C2 isotypes with those of carp orthologs.
Dots show residues identical to that of zebrafish B/C2-A1, and hyphens are indels. Domain names are
denoted above the sequences, using the following abbreviations: complement control protein module
(CCP), von Willebrand factor domain (VWF), and trypsin—type serine protease domain (Trp_SP). The
metal ion—dependent adhesion site (MIDAS) is shown by +++++, and the catalytic triad residues (His,
Asp and Ser) of Trp_SP domain are denoted by “#”.

complement components, and carefully checked authen- encode Clq polypeptides incorporated in the comple-
ticity of their annotations by alignment and phylogenetic ment C1 complex.
tree analyses.
MASP2 and MASP3
Clq These are lectin pathway components responsible for

Three subunit polypeptides of Clg, ClgA complex formation with mannose-binding lectin and for
(NM_001020527), ClgB (NM_001003482) and ClqC proteolytic activation of the pathway (Endo et al., 1998;
(NM_001005976) were retrieved under the accession Nakao et al., 2006). Two distinct database entries with
numbers shown above. The deduced amino acid similarity with MASP2 (XP_001923881) and MASP3
sequences were aligned with other protein sequences (XM_001341900) were found. In the phylogenetic tree
with similarity, and a phylogenetic tree (Fig. 10) was con- containing MASP/C1r/Cls family members, zebrafish
structed. As shown in the tree, zebrafish Clq A, B, MASP2 and MASP3 form clusters with MASP2 and
C—chains formed respective clusters with mammalian MASP3, respectively, from other species with consider-
orthologs, supporting that the sequences retrieved here ably high bootstrap percentages (Fig. 4).
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C4 isotypes

It has been reported that in teleost, there are two dis-
tinct C4 isotypes with substantial divergence (Mutsuro et
al., 2005). Database search using carp C4-1 and C4-2 as
queries resulted in finding of zebrafish C4-1 (XM_689530)
and C4-2 (XM_685959) sequences. The clustering pat-
ternin the phylogenetic tree clearly supports their assign-
ment as C4-1 and C4-2 lineages (Fig. 2).

(0553

Cb-like gene (XR_029537) was retrieved and found
to encode a typical two—chain protein similar to mamma-
lian and teleost C5, though the zebrafish sequence is frag-
mentary because of incomplete database entry. Never-
theless, the zebrafish C5 amino acid sequence contains
typical Cb-like signatures such as two—chain structure
predicted by the presence of the - a —processing site,
lack of thioester-bond in its «—chain, confirming the
structural conservation of basic molecular architecture of
C5. (data not shown). Phylogenetic tree also show a tight
clustering of zebrafish C5 with other teleost C5 (Fig. 2).

C8 and C9

C8 and C9 are cytotoxic components to form a mem-
brane-attack complex of the complement system. Both
genes were found by Blast search under the following
accession numbers: (C8f3, XM_001332783, C9,
NM_001024435). Among three chains constituting a C8
molecules, only C8 8 sequence was found in the present
search.

Although C8 and C9 share a similar domain composi-
tion, the zebrafish sequences were clearly assigned to C8
and C9 based on the precise domain prediction by multi-
ple alignments (data not shown) and also by phylogenetic
tree (Fig. 8).

Complement receptor type 3 (CR3) subunits, CDI11
and CD18

CR3 is an opsonic receptor that recognizes iC3b frag-
ment of C3. It belongs to the beta2-integrin family and
consists of two distinct subunits CD18 and CDI11.
Zebrafish CD11(XM_681091) and CD18 (XM_680920)
sequences found by Blast search using carp CD11 and
CD18 as queries were analyzed for their structural con-
servation based on multiple sequence alignment with
respective orthologs. Zebrafish CD11 and CD18 showed
high degree of sequence conservation, keeping several
important functional sites unchanged (data not shown).
Phylogenetic tree analysis gave a strong support for the
assignments showing tight clustering with carp homologs
in each lineage of CD11 and CD18 (Fig. 11).

Factor I (fI)

A database entry (XM_689643) for fl-like serine pro-
tease was found using carp fI as a query and shown to
encode well conserved fl-like domain structure (data not
shown). The authenticity of the fI identification was
strongly supported by phylogenetic tree in which zebrafish
and carp fI sequences formed a tight cluster (Fig. 12).
From the tree, it was also suggested that carp fI-A and
fI-B diverged after zebrafish and carp were separated
from their common ancestor.

Properdin

Properdin sequence in the database (XM_679190)
was confirmed to retain a well-conserved structural
motifs, five repetitions of TSP1 domains (datanot shown).
Phylogenetic tree analysis provided further support for
its grouping into teleost and mammalian properdin family
(Fig. 13).

CarpB/C2-A1
_| E CarpB/C2-A2
ZebrafishB/C2-A1
CarpB/C2-A3
—: ZebrafishB/C2-A3
MedakaBf
_|: GreenPufferBf
TroutBf-1
— e

[ XenopusBf-A
L — XenopusBf-B

MouseBf
HumanBf

CobraBf

839
— 464

LampreyBf

ZebrafishB/C2-B

TroutB/C2-B
FuguB/C2-B

|_|__ MouseC2
Rat C2
L

HumanC2

DogfishBf

Fig. 6. Neighbor—joining phylogenetic tree of factor B and C2 family mem-
bers of vertebrates. Bootstrap percentages less than 900, after
1000 replications, are shown. Abbreviations:
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/ TSP
Zebrafish C6 MDCTCILLALLSTLASISPTMGCFCDHYPWSTWSQCTKTCDSGTQSRLRDVQYDDHWFKN
Trout C6 ..R.NS..V..HV.G.VTVSL.......A..S..T..R..NY...E.R.SIR...YYW..
Human C6 -MARRSV.YFILLN.L.NKGQOA......A.TQ.TS.S...N......H.QIVV.KYYQE.
/ TSP
Zebrafish C6 SCSQLCQIHDNRVCNVEACPINCQLTEFGPWSECPSCAKKSFKIRSVLRPSQFGGADCSQ
Trout C6 ..E....K.ES.A...Q..F.H....DWAN..G.SP....QLRT..L........VE.DA
Human C6 F.E.I.SKQET.E..WQR.....L.GD.....D.DP.IE.QS.V.veveseeo..QP.TA
/ LDLR /
Zebrafish C6 SLMEERACHPFKECRIEPLDCKDKFTCDTGRCIHADLQCNDQONDCGDNSDERDCGRIKSV
Trout C6 v.T.D...Y.ST..KM.T.N..-E.Q.GN....SSK.T..K.v.v......KN.DEF.I.
Human C6 P.VAFQP.I.S.L.K..EA...N..R..S....ARK.E..GE.vevecceevoo...T.A.
Zebrafish C6 CSNQRMYAFVPGADQIGFGFDAAAEQMRGAVLDNSFMGSNCTVEKQK--—-RNFYRISAN
Trout C6 .P--VEKRV.....L..N....M..A........M...DT.NLNRSRGSSY.LY..VP..
Human C6 .T--.K.NPI.SVQLM.N..HFL.GEP..E......T.GI.KTV.SS--RTS.P..VP..
Zebrafish C6 IERYEVKVETLEDFQPKE————————— oo TKSQKID
Trout C6 V.SF.I...IPD..KQEPQPVYSETVNLASPPVSTRSDSSSGDSSSIWVPIFFVG.RRHH
Human C6 L.NVGFE.Q.A..DLKTDFYKDLTSLG---HNENQQGSFSSQGGSSFSVPIFYSSKRSEN
/ MACPF
Zebrafish C6 LANEPLYREAVKASQQKDSVFYRVHQVIATSTFKVKSSDLYLSDPFLQFLNSLPLEYNYA
Trout C6 QS.TDTFKQ.IS..KKT..Q.F.....LPV.R.R..DeveeeTEeueeeeTueuennnnns
Human C6 INHNSAFKQ.IQ..HK...S.I.I.K.MKVLN.TT.AK..H...V..KA..H......S.

Zebrafish C6 LYRHIFQLFGTHYFSSGTLGGKYDLLFQYDREELKTFGLKESDSEYCLSDDDTLVTFFYN
Trout C6 ...E..KH......A......H....Y..S.L...NS..T.EHTKG. .KSESSMFIII.S
Human C6 ..SR..DD......T..S...V....Y.FSS....NS..T.EEAKH.VRIETKKRVL.AK

Zebrafish C6 RHKQRNTCGNISMKTKYEGSMVKASERCITSVQGGRTEFAAALAWEKKGVSPQSTVYTDW
Trout C6 QSSNVVR.SDNT.TQ.H...F.QS..KSFSM.R....GE.......Q..AA.D..T.KN.
Human C6 KT.VEHR.TTNKLSE.H...FIQGA.KS.SLIR...S.YG.......GSSGLEEKTFSE.

/ EGF
Zebrafish C6 IKSTIENPVVINYELLPLVNLVRGISCAVTKRRHFHRALEEYQTEFDSCKCAPCPNNARP

Trout C6 A..L.D..A.VE.....II...K..P..A.....LT...V..LED.+vvvveeee....A
Human C6 LE.VK...A..DF..A.I.D...N.P......NNLRK..Q..AAK..P.Q.......G..
/ TSP
Zebrafish C6 ALSGTECLCICQTVTYGSNCEKRAPDYTSVEVDGHWSCWSSWSPCDATLKKHRSRTCSNP
Trout C6 v....D.Q.....G...P...Q0..0....EA...Y....GT..A...SM.R..T.E.N..
Human C6 Teeevee..V..5G...E....Q0S...K.NA...Q.G.ve"...T....Y.RS.T.E.N..
/ CCP
Zebrafish C6 APQRGGKPCPGLEKQVEECTISIFQEQNVCINDDAFVTEDSSESRLPPGTSGCAKPLPPA
Trout C6 ..L....L.Q.PAR.E.G.F..........V..ED.A..GRA.G-....VE..PR.KR..
Human C6 vee+...R.E.EKR.E.D..F..MENNGQPCIN.DEEMKEVDLP-EIEAD...PQ.V..E
/ CCP
Zebrafish C6 NSHLRINKRQYDYGDHEEIICFTGFELQGFQLIHCLQODGTWEKPKAQCIKKVCSKPSVPD
Trout C6 .....KD..Y.EF..M..FL......ME.Y.F.N.RP....TP.TGM. .R....P.A..E
Human C6 .GFI.NE.QL.LV.EDV..S.L....TV.Y.YFR..P....RQGDVE.QRTE.I..V.QE

Zebrafish C6 GMTINPDRMEYKVGSDIMLVCLESGTSPSGRLSYSCGKSLIWEPSIPKDIYCKIDKPYVP

Trout C6 ...LY.SKK....DHSVG.E.T.R.MV..EQGF.T.A...T...PL...LH......
Human C6 VL..T.FQRL.RI.ES.E.T.PKGFVVAGPSRYTCQ.N--S.T.P.SNSLT.EK. TLTKL
/ FIMAC
Zebrafish C6 DSSCKPGEINDGTICVCMTKER-CRGYREDLCVYDAGKETAIMMSLCAFHADRCHGDRLY
Trout C6 .NQ.GR..RHV.SK.I.VAR.T-.LP.KTEF.IFN.EVGSGV...Y.G..SG.....Q.F
Human C6 KGH.QL.QKQS.SE.I..SP.ED.SHHS.....F.TDSNDYFTSPA.K.L.EK.LNNQQL
/ FIMAC

Zebrafish C6 FMNNGPCKSDARSLDWAKFRVSVSEQSSVQEPCGSDTCYEWETCSVSK-TCECKMPREYP
Trout C6 ...V...DE.VV..........MAAK..ve...Deveee...S.TE..-Q.L..V..DC.
Human C6 HFLHIGSCQ.G.Q.E.GLE.TRL.SN.TKK.S..Y....D..K..A.TSK.V.LL.PQCF

Zebrafish C6 KDGKKIYCLKIVRTQTTRSMNLCFMAAMKCSSIEFELQHEGPCAGSYLCTLKL
Trout C6 .E.EHMF.V.LLK..SK..V.......I..RKM...ILN..L.EE.T====——
Human C6 .G.NQL..V.MGSSTSEKTL.I.EVGTIR.ANRKM.IL.P.K.LA-——===——

Fig. 7. Alignment of deduced amino acid sequence of zebrafish C6 with trout and human C6. Dots show
residues identical to that of zebrafish C6, and hyphens are indels. Domain names are denoted
above the sequences, using the following abbreviations: thrombospondin type I (TSP), low—den-
sity lipoprotein receptor class A (LDLR), membrane attack complex/perforin (MACPF), epider-
mal growth factor (EGF), complement control protein (CCP), and factor I MAC module (FI-
MAC).
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DISCUSSION

Zebrafish is one of the teleost species of which
genomic sequence database are best accumulated and
available, in addition to other genetic data such as chro-
mosomal gene map and various mutants. As for the com-
plement encoding genes, only C3, C4 and factor B
sequences have been characterized and published to date
(Samonte et al., 2002; Gongora et al., 1998; Seeger et al.,
1996). Very recently, several complement component
genes have been analyzed for their ontogenic expression
and response to LPS challenge in zebrafish, but no iso-
typic diversity was taken into account and most of the
sequences were solely based on the database entry with
automatic annotations with less reliability (Wang et al.,
2008).

It should be noted that C3, Bf and C7 are present as
multiple isotypes as reported for other teleost species
such as carp and trout. C3-1 and C3-2 showed high
degree of sequence similarity but differ at the catalytic
site, which is responsible for substrate specificity of the
binding reaction of C3 to foreign surface through the
thioester site (Dodds and Law, 1998). (C3-1 has a well
conserved His residue at the catalytic position, on the
other hand, C3-2 has an Asp instead, supporting the exis-
tence of the His— and non-His—types of C3 isotypes gen-
erally in teleost species. An amino acid residue at this
position of non-His type C3 is Ser or Gln in carp, Thr in
trout, and Ala in medaka fish, suggesting that any amino
acid residue with less nucleophilic side chain than imida-
zole—side chain of His can be positioned here, probably
resulting in the same substrate specificity of the thioester.

Functional meaning of the existence of the two types of
C3 isotypes are still unclear but inferred to be an evolu-
tionary strategy to enhance target-recognition repertoire
of C3 molecule (Sunyer et al., 1998; Nakao et al., 2003).
The two Bf isotypes correspond directly to B/C2-Al
and B/C2-A3, respectively, of carp as judged by phyloge-
netic tree analysis. In carp, B/C2-Al is constitutively
synthesized mainly in hepatopancreas, whereas expres-
sion of B/C2—A3 is mainly in kidney and spleen, where the
expression is up-regulated by stimulation with immunos-
timulants such as f8 —glucans and sodium alginate (Nakao
et al., 2003). It would be interesting to examine if such
difference in the expression pattern between the two Bf
isotypes is also conserved in zebrafish. The chromosomal
localization of the B/C2-A1 and B/C2-A3 (both in Chr.
21) indicates that they were generated by tandem gene
duplication in a common ancestor of zebrafish and carp.
The presence of two C7 isotypes have been reported
only in trout, in which C7-1 and C7-2 share only 47.3%
amino acid identity, and a large indel was noted in the
most C—terminal domain termed FIMAC domain (Papan-
astasiou and Zarkadis, 2005), suggesting functional diver-
sity between the two isotypes. In the phylogenetic tree,
zebrafish C7-1 and C7-2 formed clusters with trout C7-1
and C7-2, respectively, indicating that the C7-1/C7-2
gene duplication occurred before divergence of trout and
zebrafish. In the FIMAC domains of zebrafish C7-1 and
C7-2, no large indel was observed in the sequence align-
ment, but the domain sequences diverge considerably
from each other, again suggesting functional differentia-
tion between C7-1 and C7-2 also in zebrafish comple-
ment system. The FIMAC domains have been reported to

HumanC8alpha
£46 MouseCB8alpha

|—|351

750

PigC8alpha
TroutC8alpha
SharkC8alpha
HumanC8beta
RabitC8beta
240 \iouseCabeta
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Fig. 8. Neighbor—joining phylogenetic tree of C6, C7, C8, and C9. Bootstrap
percentages less than 900, after 1000 replications, are shown.
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/ TSP
ZebrafishC7-1 = —————mmmo MCPQSSLIFLLTFLPYIWCEQPLNCRWGPYGDWSECDGCTKTQVRVR
TroutC7-1 = ——mmmmmoo MISLTVISNL.ILL.SSVC.D.AV..Q..S..E....N...D.EQ.T.
TroutC7-2  ——————o MKDRLSVSLICLSWLFFGMFSP . N.VE.VH.Q:.Seeeeeeeeeeeenn S.A.
ZebrafishC7-2 MKCVFLHGVFLLSLLSSAPITHAGSLRSIRSASE.VH.L..SWSS..A..R.S...TQI.
/ LDLR
Zebrafish C7-1 QVETFPQFGGKSCTGEDIQKQACLPKKSCPLQAGCENRFRCTSGQCINPSLVCNGDHDCE
Trout C7-1 H.NVYA....QA.S.NAS.T.P.V.T.R..IET..GE....IL...VSL..v..... Q...
Trout C7-2 AMVVYA....SP.S.GAT.T.P.VTARG...KE..GG....R..K..SQ.M..... Q...
Zebrafish C7-2 F.AV.S....QP...SSTRT.T.ISTQV...EE..GG....Q..K..SL..... S.Q...
/
Zebrafish C7-1 DG-LDEQRCTGS———-— IVCDKQKPPPNSDLTGRGFDELTGELRAGVINTRSFGGQCRKV
Trout C7-1 E.GT..RH.DADNS--HY...LD.T..... H..K.Y.V...KF.S..... Lieveoenens
Trout C7-2 EDNQ. .LK.GPDKT--FP. .NND..... VEQL.L...AV..KQ.GS....K.Y
Zebrafish C7-2 . .SDEQRCDSKPICKISENTNL...... VEI..Q...AAKR.A.GT....K....L.Q.T
Zebrafish C7-1 FSGDHREFYRLPONLLRYSFQVSVENDFTDDYYDSSWSYMRDEKQRRI —---IRGGHDHKT
Trout C7-1  ..... KT:'vuuoo SI.eeTeeeVieunnn EEA.E...... KHIQDN-———— ALW...RR.
Trout C7-2 L...NKVI..... ST...N.E.K.Q...S.EF.T..... AK.IVK.ETTTGTTT.FNNYD
Zebrafish C7-2  ..... KD.vowwo SV.S..... TAK..... ESFA...H.LHHYEKHEKTTGTDY...DYV
/ MACPF
Zebrafish C7-1 FHNQLKQDKTYHLLIIRNEVEVAQFQNNAPEYLPLSEDFWKDLSALPITYEPSAYRLFIQ
Trout C7-1 .TE.NK..SHR....K.Q..L..... TV.Q.VT.A.G...A..S..T..SYP...SLL.
Trout C7-2 L.QTEEKNRNN. . .VVK.N........ 0..G..S...E...V.AT..TV.DYAT. .MVVE
Zebrafish C7-2 . .DE.S.S.SKN.M..KSD...G..K.KDuuuuererennn A.V...VV.DYA...NVLE
Zebrafish C7-1 RYGTHYMEEGSLGGQYRALLELDANYMMEMSRTETDFHQCITRVKRRLFYKKKTTKCVKL
Trout C7-1 Teerno LS..A..... Q....F.NEALK.T.T.D.EYQR.V.KK..... R..VK.T.E..
Trout C7-2 .F....LS..T...YFQ...SI.QETATQ.AKVTWKYNE.TKTKH.I..VSWT.E..R.D
Zebrafish C7-2 Fooo ISee.. HFKLY . MASEDVISKLNKS ITPES————mm m— o m oo e e
Zebrafish C7-1 MK——TIENFSENRNHKMPIKTDIIGGNSAYIAGLSLLDLENPDNNKQMYTKWAGSVKEFP
Trout C7-1 VD--SLKTSK.YN.N.L....NV...DPSF..... Veeeoun EA.G...D...R...D..
Trout C7-2 E.EY.LP.PPSISRSDTVK.V.VE..AT.H..A.KA...NT.GR.WD..KN..E..RT.
Zebrafish C7-2 = ————mmmmmm DMeveouns DPGF. .K..MFYKYDVKE.ARTFSQ.S. .L.YY.
/ EGF
Zebrafish C7-1 KVIKQKLRPLHELVKEVACAGLKKVHLKRALEAYLEEQSPCHCRPCQNNGMAVLSEGVCT
Trout C7-1 Q..NT..... Yeeuunn Q....R.L..... T.E..A.EH....... .QPL.TGTE.K
Trout C7-2 A...R.M...Y...... Q...M.RF ..... I.0..N.RH..R.Q. R .LV.MAGDK.S
Zebrafish C7-2 RI..SeeeSeuuuuennn Povews RFL....I.T..T.KHS.Q..E..... LR..DGN..K
/ TSP
Zebrafish C7-1 CVCRPGTSGNACQNGHVLGEQPGVIEGGWSCWSAWSSCSHGQKSRTRSCNNPTPRNGGKN
Trout C7-1 = iieeeons P..ES.T.I..ceuunu. H.Seuunn S.G...QSKM..S.T.T..A..R..LH
Trout C7-2 .I.K...D.L..EK.KEVEG.E...H.S..... G.N...G..R....A.S..A.QR..HH
ZebrafishC7-2 ... .Koon.. Q..EY.TAYD...... H.D.A...S..... Geveus ‘R...TR.A.-S..RD
/ CCP
Zebrafish C7-1 CIGETIERRSCEEP-DFEHLKILEPHCFDPTLTPVKTCKTPPPLANGFVLDPKDIYTVGK
Trout C7-1 .V.LPT.HT....S-.LQ...MM..Q..GLSISTP.A.RA..A.R..... S.R.V.L..S
Trout C7-2 .N..VR.TTG.DDDQ.LQY.QTM..Q...L.VP.KE..RS....P..¥Y...... V.L..S
Zebrafish C7-2 ...N.E..TA..DEEELN..RSM...... DSIK.RES..... FVP..... Y...V.P..S
/ CCP
Zebrafish C7-1 KIEYTCTDGYDRIGNPFAECTESLTWRISPMECKKSECDAPAVLRNVIVVPLKQSYRIGD
Trout C7-1 ....S.IE.HYIT.ETV....DNNS.TRG.L...SAT..V.SLEND.TGT.W.VI.Q...
Trout C7-2  ...... IE..HL..IRI....VA...STPSK...S.R.HV.SL.ND.TGS.WQPT.D. .E
Zebrafish C7-2  ...... IE..HL...AI.K.Q.D.N.LQY.V....TQ..P.QLPPD.TAN.W.LN.N. .E
/ FIMAC
Zebrafish C7-1 SVTLSCPSGMQKDGEGEIRCRLGLSWYPDPKSVRCNPVEAVPTQPS - --LLCKPWEKPGT
Trout C7-1 ..Y....V..MRE.MA..V.S55.0.5.5.D.I..RE.PKG..P.LG--.N..L..T..K
Trout C7-2 RIP....K.RHIV.DK..I.DSS.H.S...NTIT.SQAPKTLDHLDGPAGQ...... LAK
Zebrafish C7-2 AIA....E.KV.E.LD..Q.NA....S.Q..NTK.LTAVLK. .VVP---VK.Q. . .NLAK
Zebrafish C7-1 GQCVCKMPFECKTSLHVCAT-VRPGRVNRMSVCQLGALQCLGKTFTLLQDSACSWPETKF
Trout C7-1 Seeen. L.YQ.QP..QL...-LHT..TSKLGM. ¢ eeeeoon. RS.K.VK..D.D.SDQGL
Trout C7-2 DK.I....Y..TS..Q...NNLEN..T..L...KMHT.N...RSYN.AE....E..TNTT
Zebrafish C7-2 DK....V.HQ..S..E..V.DEKR..TQ.L...KVQ.MR...HQYS.AE....Q.TQPST
/ FIMAC
Zebrafish C7-1 TSCQDCHQWETCDGSK--CDCKDPEDCPDDSAHVCVSLMG—--GAPEMMSECEAGAWRCR
Trout C7-1 e .E.F.T.VQL..E.PDS—-AVAVT..... V..R..0Q
Trout C7-2 SP.T..QL.c.... QTNQ.R...WAE.S.PGLS...RMGDDANS.TQTL...... LR..K

Zebrafish C7-2 NN.TR.TLG....EQTNS.R..TS...SSPDTWIH.CVKQDKAS. .VT.T...VAMRK. .
Zebrafish C7-1 GKEMNVLKIGACQS-

Trout C7-1 .EQFD.VS.K..SAL
Trout C7-2 .EKVS.VS.LP.SA-
Zebrafish C7-2 .ETVHIVS.Q....-

Fig. 9. Alignment of deduced amino acid sequences of zebrafish C7-1 and C7-2 with orthologs from trout.
Dots show residues identical to that of zebrafish C7-1, and hyphens are indels. Domain names are
denoted above the sequences, using the following abbreviations: thrombospondin type I (TSP), low—
density lipoprotein receptor class A (LDLR), membrane attack complex/perforin (MACPF), epider-
mal growth factor (EGF), complement control protein (CCP), and factor I MAC module (FIMAC).
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PperchC1g-like-2

HumanC1gA
ZebrafishC1gA
CattleC1gB
660 PigC1qB
HumanC1qB
MouseCqB

CattleC1qC
MouseC1qC
HumanC1qC
ZebrafishC1qC

PerchC1g-like-1
322 ZebrafishC1qB

arpClq-like

Fig. 10. Neighbor-joining phyloge-
netic tree of Clq A, B, C-
chains and their homologs.
Bootstrap percentages less
than 900, after 1000 replica-
tions, are shown.

SeaUrchinCD18

HumanCD11
3
MouseCD11

AscidianCD11

Fig. 11. Neighbor—joining phylogenetic
tree of CD11 and CD18 integrin
family. Bootstrap percentages
less than 900, after 1000 replica-
tions, are shown.

be crucial for interaction of C7 with C5 during the lytic
pathway activation in mammalian complement systems
(Thai and Ogata, 2004).

Overall, 24 genes encoding zebrafish complement
components and their subunits have been identified with
a reliable phylogenetic evidence in this chapter. These
results allow further functional and genomic analyses of
the zebrafish complement components, for example by
detailed expression analyses.

A group of genes encoding the complement control

MouseFI

HumanFI
XenopusFl
ChickenFl

CarpFl-B
814
CarpFI-A
ZebrafishFl
551 SharkFl
SharkFI-3
SharkFI-1
SharkFl-4

SharkFl-2

LampreyFl

Fig. 12. Neighbor—joining phylogenetic
tree of factor I of vertebrates.
Bootstrap percentages less
than 900, after 1000 replica-
tions, are shown.

HumanP
614
MouseP

PigP

ZebrafishP
TroutP-1
_|-—TroutP—3

TroutP-2

Fig. 13. Neighbor—joining phylogenetic
tree of properdin and its ho-
mologs. Bootstrap percentages
less than 900, after 1000 replica-
tions, are shown.

proteins, such as the membrane—cofactor protein (MCP)
and decay—accelerating factor (DAF) failed to be identi-
fied in this study, mainly because of considerable diver-
sity of the domains (SCR domains) that constitute these
molecules. Namely, although sequences encoding SCR
domains were found by BLAST search, similarity of each
SCR domain did not match similarity as a entire molecule,
making it difficult to identify them. In addition, many of
the SCR-domain—containing protein sequences in the
database lacked reliable data around possible transmem-
brane region, making it ambiguous if they are membrane—
bound proteins or soluble proteins, which are important
keys for their identification (data not shown). Therefore,
members of complement control protein family were not
analyzed in deep in the present study. Cloning of their
full-length ¢cDNA sequence and more detailed phyloge-
netic characterization will be needed to identify them.
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