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Abbreviations and data depositions
Abbreviations used in this thesis are as follows: A2M, alpha-2-macroglobulin; C3,
complement component 3; C6, complement component 6; ds, double strand; fB,
complement factor B; fI, complement factor I; FVII; coagulation factor VII, FIX;
coagulation factor IX, FX, coagulation factor X; ISH, in situ hybridization; MAC,
membrane attack complex; MASP, mannan-binding protein-associated serine protease;
ML, maximum likelihood; MP, maximum parsimony; NJ, neighbor joining; RACE,
rapid amplification of cDNA ends; SP, serine protease; TCC, terminal complement
component; TEP, thioester-bond containing protein; and WISH, whole mount ISH.
The sequences reported in this paper have been deposited to the DNA Data Bank of
Japan under accession numbers as follows: AB450038~AB540044 for the N. vectensis
complement component cDNAs, DC611166~DC619952 for lamprey liver ESTs,
AB377282~AB377288 for lamprey complement component cDNAs, and AB485948 for
shark C6 cDNA.
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Abstract
To elucidate the evolutionary origin and history of the blood complement system,
comprehensive cloning of the five complement gene families, the complement
component 3 (C3), factor B (fB), mannan-binding protein-associated serine protease
(MASP), complement component 6 (C6), and factor I (fI) families, was performed in
agnathan lamprey and cnidarian sea anemone. In additions, for the C6 family which was
not found in these animals, chondrichthyes shark was analyzed by RT-PCR using the
consensus-degenerate hybrid oligonucleotide primers.
The draft genome search and RACE analysis using cnidarian, Nematostella
vectensis resulted in identification of the C3, fB and MASP genes. These genes were
completely absent in the draft genome sequences of placozoa, porifera, and
choanofllagelata, indicating that the multi-component complement system was
established in the early stage of eumetazoan evolution before the divergence of Cnidaria
and Bilateria. In situ hybridization showed the endoderm-specific expression of the
identified cnidarian complement genes, indicating that the cnidarian complement system
acts mainly in the primitive gut cavity called coelenteron, the only cavity facing
endoderm. On the other hand, the liver EST analysis of lamprey, Lethenteron japonicum,
gave the genes for the C3, fB, MASP, and fI families. However, no evidence for the
gene duplication/functional divergence within these families, which was essential for
establishing the classical activation pathway of the mammalian complement system,
was obtained. RT-PCR analysis using the universal primers for the C6 family genes
identified one C6 gene from shark but none from lamprey, indicating that the unique
domain structure of C6 family was established in a common ancestor of the jawed
vertebrate.
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These results suggest that the complement system comprising at least three
components, C3, fB, and MASP, was established in the common ancestor of
eumetazoan animals more than 600 million years ago. Function of the primitive
complement system was most probably the protection of the gut cavity with primitive
circulatory function. Remaining two families, the fI and C6 families, appeared in the
primitive vertebrates, before the divergence of cyclostomes for the fI family (more than
500 million years ago), and before the divergence of the Chondrichthyes for the C6
family (more than 400 million years ago), respectively. The gene duplication/functional
divergence within each complement gene family, which played essential roles in
establishing the sophisticated complement system of jawed vertebrates, was occurred
immediately after appearance of all the five complement gene families in the common
ancestor of the jawed vertebrates.
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General introduction
Mammalians fight with infection through the two cooperative defense systems, innate
and adaptive immune systems (1). Germ-line encoded pattern recognition receptors
(PRRs) of the innate immune system sense the presence of infection by the
pathogen-associated molecular patterns (PAMPs) that are commonly present on many
microorganisms but not on the host’s own cells (e.g., oligosaccharides on the bacterial
cell wall). In contrast, all adaptive immune responses are mediated by lymphocytes,
bearing variable cell surface receptor for antigen which is encoded in rearranging gene
segments. Innate immunity is a basic, front-line defense system involved in the rapid
elimination of pathogens. Almost all pathogens are successfully destroyed by this
system, and adaptive immune system is induced only when the innate immune system
failed to clear infection. The complement system is one of the major humoral defense
systems of mammals, which plays critical roles in the innate immune system, and also
complements the bactericidal function of immunoglobulins, the central player of the
adaptive immune system.
The evolutionary origin of the adaptive immune system based on the antigen
recognition by immunoglobulin, major histocompatibility complex (MHC) class I and II
molecules, and T-cell receptor is well defined, and only jawed vertebrates possess this
system (2). In contrast, the evolutionary origin of the innate immune system comprising
the various components and cells, such as phagocytes, lectins, or antimicrobial peptides,
is believed to be more ancient, possibly being traced back to the common ancestor of
the multicellular animals (3-6). However, there was still fragmental information at the
molecular level about the evolutionary origin of the innate immune system.
The mammalian complement system is a highly sophisticated biological reaction
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system comprising more than 30 serum or cell surface components (7). Activation of
this system occurs by a series of limited proteolytic cascades through three parallel
activation pathways called the classical, alternative, and lectin pathways (Fig. 1-1).
These pathways merge at the proteolytic activation step of the complement component 3
(C3), and activation fragments of C3 induce various effecter mechanisms for pathogen
clearance.
Most key components of the human complement system possess unique domain
structures and are classified into five mosaic protein families which were focused in this
thesis (Fig. 1-2): C3 family (C3, C4, and C5); fB (factor B) family (fB and C2); MASP
(mannan-binding protein-associated serine protease) family (MASP-1, MASP-2,
MASP-3, C1r, and C1s); C6 family (C6, C7, C8A, C8B, and C9); and fI (factor I)
family (fI only). The C3 family is included in the thioester bond-containing protein
(TEP)

superfamily

together

with

the

non-complement

TEPs

(e.g.,

alpha-2-macroblobulin (A2M) and CD109). However, there are several C3
family-specific structural characteristics available for their identification, including the
C345c (C-terminal end of C3, C4, and C5) domain at its C-terminal end. Limited
proteolysis of C3 family components generates two active fragments (Fig. 1-1). The
larger fragment of C3 and C4 covalently tags the pathogens using the intramolecular
thioester bond, leading to the enhancement of phagocytosis. In contrast, the smaller
fragment acts as an anaphylatoxin and promotes inflammation. The fB, MASP, and fI
family components have a serine protease (SP) domain with trypsin-like cleaving
specificity at their C-terminal end, and N-terminal domains unique to each family that
are considered to be responsible for their substrate specificity (Fig. 1-2). The fB and
MASP family components work in the proteolytic activation cascades leading to the
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formation of the C3/C5 convertase, whereas fI works in the proteolytic inactivation of
the C3/C5 convertase (Fig. 1-1). The C6 family components with the larger activation
fragment of C5 are assembled into the membrane attack complex (MAC) on the
membrane of pathogens which leads to the induction of cytolysis (Fig. 1-1).
These complement families are thought to have been established by two steps: exon
shuffling, which created the unique domain structures of each family, and gene
duplication and subsequent functional divergence, which increased the number of
members in each family and established the three parallel activation pathways of the
mammalian complement system.
In this thesis, I clarified the evolutionary origin and history of the complement
system by focusing on these two genetic events. Evolutionary origin of these unique
domain structures was clarified by the analysis using six animals located at the key
positions in the phylogenetic tree (Fig. 1-3), cnidaria (Part I), placozoa (Part I), porifera
(Part I), choanoflagellate (Part I), agnathan (Part II), and chondrichthian (Part III). The
exact timing of the gene duplication/functional divergence within the families was
elucidated by the comprehensive analysis using agnathan (Part II), which have diverged
from the jawed vertebrate lineage in the period between the postulated two round
genome duplications (8). In additions, to elucidate the primitive function of the
identified complement genes in cnidarian, lacking the cavity specialized for circulation,
expression analysis and preliminary protein-level analyses were also performed (Part I).
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Fig. 1-1. Schematic representation of the three activation pathways and three effector
functions in the mammalian complement system (1, 7). Only components involved in
these reactions are shown here. There are three parallel activation pathways in the
mammalian complement system. One is the classical pathway, which is triggered by the
binding of complement component C1q to antibody bound to antigen. The second is
lectin pathway, which is triggered by complement lectins, mannose-binding lectin
(MBL) or ficolin, bound to polysaccharide on the bacterial surface. The third is
alternative pathway, which is triggered by the spontaneously activated C3 bound to
pathogen surface and by factor D (fD). Five complement gene families are colored as
follows: yellow, C3 family; light blue, fB family; yellowish green, MASP family; pink,
C6 (or TCC) family; and purple, fI family. Limited proteolysis by the complement
serine proteases are indicated by the red (activation) or blue (inactivation) allows.
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Fig. 1-2. Five complement gene families of mammals. Unique domain structures of the
five complement gene families are schematically shown here. Abbreviations of domain
names are: MG, macroglobulin; MG/ANA, MG domain inserted with anaphylatoxin
region; CUB/TE, CUB domain inserted with thioester region; C345c, C-terminal of C3,
C4 and C5; CCP, complement control protein; vWA, von Willebrand factor type A; SP,
serine protease; CUB, C1r, C1s, uEGF, and bone morphogenetic protein; EGF-like,
epidermal growth factor-like; FIM, factor I/MAC; SR, scavenger receptor Cys-rich;
LDL, low-density lipoprotein receptor domain class A; TSP, thrombospondin type 1
repeats; and MACPF, MAC/perforin.
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Mammalia
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Fig. 1-3. Animals discussed in this thesis. The phylogenetic tree was based on the recent
phylogenetic analyses (9-12).
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Gene
C3
C4
C5
A2M
CD109
C3H1
C4-1
C5-1
C3B
C4
C5
C3
C3-1
C3-2
C3-3
C3
C3-1
C3-2
C3
C3
C3
C3
C3-1
C3-2
TEP1
C2
fB
fB-A
C2
fB/C2-A
fB/C3-B
fB
fB-A
fB
fB-1
fB-2
fB
fB-1
fB-2
fB-3
fB
fB

Accession No.
NP_000055
P0C0L4
AAA51925
P01023
NP_598000
BAA36619
BAB03284
BAC23057
unpublished data by Kimura H et al.
BAC82347
unpublished data by Nagumo H et al.
P98094
AAR13241
BAA02763
AB377282
BAA75069
NP_001027684
CAC85958
NP_999686
AAQ08323
BAB47146
AAN86548
AB450038
AB450040
NP_523578
NP_000054
AAH04143
NP_001081234
ABB85337
BAA34706
BAA34707
NP_001098275
AAY55950
BAB63203
BAA02763
AB377283
AAK00631
NP_001027973
NP_001029011
NP_001027974
AAV65032
NP_999700

Animal
Gene
sea anemone (N. vectensis ) fB-1
sea anemone (N. vectensis ) fB-2
amphioxus
fB
human
MASP1
human
MASP2
human
MASP3
carp
MASP
shark
MASP
lamprey
MASP-A
lamprey
MASP-1
human
C1r
human
C1s
carp
C1rs-A
carp
C1rs-B
MASPa
ascidian (H.roretzi )
MASPb
ascidian (H.roretzi )
amphioxus
MASP 3
amphioxus
MASP 1
sea anemone (N. vectensis ) MASP
human
transmembrane
serineprotease 7
fI
fI
fI
fI
fI
fI-B
fI
fI
fI
VII
IX
X
PC
X
X
PC
VII
IX
VII
IX
X
human
mouse
chicken
frog
fugu
carp
zebrafish
shark
lamprey
human
human
human
human
rabbit
rat
rat
mouse
mouse
chicken
chicken
chicken

Table 1-1. List of the accession numbers of the genes used for the phylogenetic tree constructions.
Animal
human
human
human
human
human
carp
carp
carp
shark
shark
shark
hagfish
lamprey
lamprey
lamprey
ascidian (H. roretzi )
ascidian (C. intestinalis )
ascidian (C. intestinalis )
sea urchin
horseshoe crab
amphioxus
coral
sea anemone (N. vectensis )
sea anemone (N. vectensis )
fly
human
human
frog
frog
carp
carp
medaka
shark
shark
lamprey
lamprey
ascidian (H. roretzi )
ascidian (C. intestinalis )
ascidian (C. intestinalis )
ascidian (C. intestinalis )
horseshoe crab
sea urchin

Accession No.
AB450041
AB450043
ABY28382
NP_001870
O00187
AAK84071
BAA86866
BAA86867
BAC41492
BAC75884
P00736
NP_001725
BAB17845
BAB17846
BAC41341
BAC41342
BAC75889
BAC75888
AB450044
NP_001036040

NP_000195
NP_031712
XP_426329
NP_001095259
CAF89951
BAB88921
AAI29472
BAC01864
AB377284
AAA51983
CAA01607
P00742
NP_000303
NP_001075485
CAA56202
NP_036935
P70375
NP_032005
NP_989773
Q804X6
NP_990353
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Gene
PC
VII
IX
PC
X
VII
IX
X
VII
IX
X
VII
X1
X2
PT
PT
PT
PT
PT
PT
PT
PT
C6
C7
C8A
C8B
C9
C8A
C9
C7
C6
C6
C7
C8A
C8B
C6
C7
C8A
C8B
C9

Accession No.
NP_989772
AAI57199
NP_001011223
NP_001080424
ABG02403
NP_571894
NP_878288
AH56804
AAO33368
AAO33372
AAO33371
AB377287
AB377285
AB377286
AAC63054
NP_989936
NP_001015797
CAD59688
AAH55596
AAO33373
AAA21620
AB377288
AAA59668
AAA51861
AAH20702
NP_000057
AAB51328
NP_001075724
NP_001075419
NP_999447
NP_057913
CAX16418
XP_424774
XP_426667
XP_422502
AAH76972
NP_001085116
NP_001005445
NP_000057
AAI59018

Animal
zebrafish
zebrafish
zebrafish
trout
trout
trout
trout
trout
trout
fugu
fugu
fugu
flounder
flounder
flounder
shark (M. manazo )
shark (G. cirratum )
Chimaera (C. phantasma )
amphioxus (B. bercheri )
Amphioxus (B. floridae )
Amphioxus (B. floridae )
Amphioxus (B. floridae )
Amphioxus (B. floridae )
Amphioxus (B. floridae )
Ascidian (H. roretzi )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )
Ascidian (C. intestinalis )

Gene
C6
C7
C8A
C6
C7-1
C7-2
C8A
C8B
C9
C8A
C8B
C9
C7
C8A
C9
C6
C8A
C8B
TCC
TCC-1
TCC-2
TCC-3
TCC-4
TCC-5
TCC
TCC-1
TCC-2A
TCC-2B
TCC-3A
TCC-3B
TCC-4A
TCC-4B
TCC-4C
TCC-5A
TCC-5B
TCC-5C

Table 1-1. (Continued) List of the accession numbers of the genes used for the phylogenetic tree constructions.
Animal
chicken
frog
frog
frog
snake
zebrafish
zebrafish
zebrafish
fugu
fugu
fugu
lamprey
lamprey
lamprey
human
chicken
frog
trout
zebrafish
fugu
hagfish
lamprey
human
human
human
human
human
rabbit
horse
wild bore
mouse
chicken
chicken
chicken
chicken
frog
frog
frog
frog
frog

Accession No.
NP_956932
XP_690946
NP_001003496
NP_001118093
NP_001118090
NP_001117879
AAL16647
NP_001117898
P06682
CAF97618
CAF97617
AAC60288
BAA88899
BAA86877
BAA86878
AB485948
ABV08807
not deposited
BAB47147
XP_002243725
XP_002213684
XP_002202762
XP_002219640
XP_002248061
AB485949
XP_002126061
XP_002130788
XP_002130679
XP_002128624
XP_002128860
XP_002122361
not deposited
XP_002122435
XP_002130807
XP_002124120
XP_002130880
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Part I

Comprehensive cloning and expression analysis
of the complement genes in cnidarian sea anemone
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Abstract
The origin of the complement system is more ancient than that of the adaptive immune
system, as shown by the identification of the gene for the C3 in a basic metazoa,
cnidarian coral. However, only a few reports on the other complement genes of
nonchordates have been published, and the composition of the ancient complement
system has not been clarified. Here, I performed comprehensive cloning of the
complement genes with characteristic domain structures using a cnidarian, the sea
anemone, Nematostella vectensis. Partial sequences of the two C3, two factor B (fB),
and one mannan-binding protein-associated serine protease (MASP) genes were
identified in the draft genome data, and the complete coding sequences of these genes
were elucidated by RT-PCR and 5'- and 3'-RACE. In contrast, no C6 and factor I family
genes were identified. These cnidarian components shared the unique domain structures
and most of the functionally critical amino acid residues with their mammalian
counterparts, suggesting the conservation of their basic biochemical functions
throughout metazoan evolution. In situ hybridization analysis indicated that all five
genes are expressed in the tentacles, pharynx, and mesentery in an endoderm-specific
manner. These results suggest that the multi-component complement system comprising
at least C3, fB, and MASP was established in a common ancestor of Cnidaria and
Bilateria more than 600 million years ago to protect the coelenteron, the primitive gut
cavity with putative circulatory functions.
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Introduction
Recent completion of the draft genome assembly of the two invertebrate chordates,
urochordata ascidian (13) and cephalochordata amphioxus (14), indicated that they have
an almost complete set of the complement gene families, the C3, fB, MASP, and C6-like
genes (15-18). However, only a few reports have focused on the complement genes of
nonchordates. So far, only the C3 and fB genes have been identified in the
echinodermata sea urchin (19) and arthropoda horseshoe crab (20), and the C3 gene has
been reported in cnidaria coral (21, 22). Identification of the C3 gene in cnidaria
indicates a strikingly ancient origin of the complement system, which predates the
divergence of Cnidaria from the Bilateria lineage more than 600 million years ago (23).
However, the lack of information about other complement genes in cnidaria limits our
gaining a comprehensive view of the ancient complement system.
In animals with three germ layers (triploblast), complement components are secreted
into the cavity enclosed by the mesoderm: the body cavity in invertebrates (20, 24, 25)
or the blood vessels in vertebrates. Cnidaria with only two germ layers (diploblast)
lacks the mesoderm, body cavity, and blood vessels, and has only one cavity called the
coelenteron, which is enclosed by the endoderm, and correspond to the gut cavity of
triploblast (26). Although the humoral complement components are produced mainly by
the vertebrate liver or invertebrate hepatopancreas (20, 25) and blood cells (19, 27),
cnidarians lacks direct counterparts of these tissues or cells.
Here, I performed comprehensive cloning and expression analysis of the cnidarian
complement genes to clarify the composition and localization of the ancestral
complement system, using a cnidarian sea anemone, Nematostella vectensis. I also
performed the preliminary protein level assay for the three N. vectensis complement
proteins to clarify their functions.
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Material and Methods
Material
Polyps of N. vectensis were kept at 26˚C in 1/3 diluted seawater and fed a few times per
week with brine shrimp larvae. Animals were starved more than three days before
experiment.

Comprehensive search and cloning of the complement genes of N. vectensis
Genes encoding for the five complement protein families with unique domain structure
were BLAST searched in N. vectensis using the amino acid sequences of human
components as queries. Two peptide sequence collections available in the draft genome
database of N. vectensis were searched: 1) peptide sequences predicted by Genscan
program (28), 2) peptide sequences predicted by the DOE joint genome institute (JGI)
using three different algorisms and EST sequences (29). Adult N. vectensis cDNA was
used as a template for the following PCR amplification. To avoid the intron sequences
sometimes mispredicted as exons, first RT-PCR was performed using the primers
designed at the region encoding the conserved amino acid sequences, based on the
amino acid alignment of the complement components of N. vectensis and other animals.
The 5' and 3' ends of the identified cDNAs were obtained by the RACE using the
SMART RACE cDNA amplification kit (Clontech). When the RACE stopped before
the 5' end of the coding sequence, the candidate regions encoding the start codon and
signal peptide were searched by eyes within the genome contig harboring the
5'-RACE-amplified sequence, and were confirmed by RT-PCR. Finally, full coding
sequences were amplified by RT-PCR using the primers designed at the 5' and 3'
untranslated regions. PCR products containing the entire coding region were cloned into
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the pCR2.1-TOPO vector (Invitrogen), and eight clones each for these genes were
sequenced to detect possible PCR errors and chimeras.

Comprehensive search for the five complement genes in Porifera, Placozoa, and
Choanoflagellate
BLAST search for the five complement protein families was also performed against the
following three draft genome or shotgun sequences of the primitive metazoa or its close
unicellular relatives: 1) the draft genome assembly of the choanoflagellate Monosiga
brevicollis (30) by Joint Genome Institute (JGI), 2) the whole genome shotgun
(WGS)/EST sequences of the poriferan Amphimedon queenslandica (2,823,539 and
83,040 reads, respectively), available in the comparative genomics platform, Compagen
(31), and 3) the draft genome assembly of the placozoan Trichoplax adhaerens (12) by
Joint Genome Institute (JGI).

Domain prediction and phylogenetic analysis
Domain structures were predicted by the SMART program (http://smart.embl-heidel
berg.de/). For the C3 families, domains except for the C345c domain, which are not
adopted by the SMART or Pfam programs, were predicted by comparing with the
primary structure of human C3 by eyes. Multiple alignment of the amino acid sequences
was done by ClustalX (32). Based on this alignment, phylogenetic trees were
constructed using the full length information, by the neighbor-joining (NJ) method (33)
using MEGA4 excluding gaps by pair-wise deletion (34). Pairwise genetic distances
were obtained by poisson correction. The reliability for internal branches was assessed
by the 1,000 bootstrap replicates.
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RT-PCR
RNA was isolated using ISOGEN (Nippon gene co. ltd.) from each sample, and 1 µg
each of RNA was reverse-transcribed into cDNA. To trace the expression throughout the
development, RT-PCR was performed using RNA extracted from the N. vectensis at five
developmental stages, unfertilized eggs, pre-hatch embryo (0~2 days after fertilization),
swimming planula larvae (2 days after fertilization), tetra-tentacle larvae (1 week after
fertilization), and adult polyps (1 month after fertilization). Unfertilized eggs were
collected from the isolated female polyps, while the others were collected from the pool
of the mixed polyps. To examine the possible local expression of the complement genes,
adult N. vectensis was cut into three pieces, tentacles, pharynx, and body column
including mesentery, and RNA was extracted separately. Gene specific primers used for
RT-PCR for the five complement genes and actin gene (XP_001637076) were as
follows: Nv (N. vectensis) C3-1 (5': ggctatcccacaagtc, 3': ttgttgtagtagggcgt); NvC3-2 (5':
tacacgctaccagataccataacg, 3': atcgatgactagagagtagacaact); NvfB-1 (5': cacgtgtaccagataaa
ggactacg,

3':

gcggttcgtgttatccataagt);

cgtttagtgattgggtttgttttg);
tgtgtctcgtagtaagcccggaag);

NvMASP

NvfB-2

(5':

(5':

tgtgaccatcactgccataac,

3':

acgggatcgtcactaactgg,

3':

(5':

NvActin

acgtgtccgtacctgtc,

3':

aggaaggaaggctggaacat). All PCR reactions were performed by the following parameter;
1 min at 94˚C, 1 min at 50˚C, and 1 min at 72˚C, with optimum cycles before saturation.

In situ hybridization (ISH) and paraffin section
Whole mount ISH (WISH) was done based on the previously described protocol for the
N. vectensis larvae (35) with some modifications, using the adult polyps. Antisense
ribonucleotide probes were made by the Digoxigenin (DIG) RNA labeling mix and the
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T7 RNA polymerase (Roche). The vector inserted with the complement or control PaxA
gene (36) sequences were linearized, and was used as a template for RNA synthesis.
The synthesized RNA were chemically degraded into about 0.5 kb fragments by treating
with 42 mM NaHCO3/63 mM Na2CO3 solution for 15~18 min at 60˚C. Hybridizations
were performed at 44˚C for 41 hours with 250 ng/ml DIG-labeled probes. Signals were
visualized using the NBT (4-nitroblue tetrazolium chloride)/BCIP (5-bromo-4-chloro3-indolyl-phosphate) (Roche) as substrates for the alkaline phosphatase conjugated
anti-DIG antibody. Experiments were repeated for several times and representative
results were shown. For paraffin section, samples were intensively stained by the
prolonged incubation with NBT/BCIP, re-fixed in the 4% paraformaldehyde for 30 min,
treated with ethanol, and then with xylen. After incubation in paraffin (paraplast, Sigma)
at 65˚C for 20 min for three times, samples were mounted in paraffin block. Sections of
15 µm thick were obtained using a microtome and photographed thorough a bright-field
microscope.

Production of polyclonal antibodies against the recombinant N. vectensis proteins
The cDNA sequences corresponding to the MG1/MG2/MG3 domains of NvC3-1, the
CCP/CCP/VWA domains of NvfB-1, and the CUB/EGF/CUB domain of NvMASP
were used for the recombinant protein production. These cDNAs were inserted into the
T7/CT/TOPO vector (Invitrogen), and cloned into the pVL1392 transfer vector using
the SmaI and XbaI restriction sites. Recombinant proteins were produced by Sf21 insect
cell cotransfected with the recombinant pVL1392 transfer vector and BaculoGold
baculovirus DNA using the Baculogold transfer kit (Pharmingen). Recombinant
proteins were detected by the SDS-PAGE under reducing condition and western blotting
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using the anti-V5 antibody (Invitrogen). Cells were lysed with Lysis buffer (50 mM
NaH2PO4, 300 mM NaCl, pH 8.0) supplemented with 1% of Triton X-100 and 1mM of
PMSF. Recombinant proteins were collected from the inclusion body with high purity.
After washing with 2% TritonX-100 in lysis buffer and solublizing with 8M urea in
lysis buffer, they were diluted with equal volume of PBS, emulsified in Frreund’s
complete adjuvant, and injected into a New Zealand White rabbit. Immunization was
repeated for more three times at two weeks intervals, and the rabbit was bled 1 week
after the last injection.

Western blotting
The western blotting using the raised antisera was performed against the recombinant
antigenic protein lysed with 8M urea, or the protein extracted from the body fluid,
tentacles, and remaining body column of the adult N. vectensis polyps. Body fluid of N.
vectensis was corrected drop by drop by the gravity force from the cut of body column
by scissors. The lysate of recombinant protein and body fluid was added with 2X SDS
sample buffer (0.12 M Tris-HCl pH 6.8, 4% SDS, 0.004% BPB, and 10% Sucros). The
tissues excised from polyps, the tentacles and body column, were added with 1X SDS
sample buffer and homogenized with plastic pestule. After denature at 70°C for 10 min,
they were electrophoresed in a SDS-PAGE gel (3% of stacking gel and 7.5% of running
gel). Proteins were electrotransfered onto the PVDF membrane, which were then
blocked in 5% of skim milk in TBST over night. Membranes were incubated with the
antisera diluted 1:500 in TBST for 1 hour, and then with the horseradish
peroxidase-conjugated anti-rabbit IgG antibody (Invitrogen) diluted 1:10,000 in TBST,
followed by the three times washes, respectively. Signals were visualized using the ECL
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detection reagent (Amersham Biosciences). Alternatively, antisera absorbed with the
1/50 diluted recombinant protein were used for western blotting to check the specificity
of antisera.

Lipopolysaccaride (LPS)/zymosan treatment
Adult polyps of N. vectensis were incubated in the 12-well dish containing 1/3 diluted
sea water supplemented with three different pathogen-associated molecules or the
mixture of them, for three hours at 27 °C. Agents used were as follows: 1) 100 µg/ml of
LPS from Pseudomonas aeruginosa, 2) 100 µg/ml of LPS from Eschericia coli, and 3)
10 mg/ml of zymosan (yeast extract), all of which were obtained from Sigma. As an
untreated control, the incubation was performed in the 1/3 diluted sea water only. The
expression level of each complement gene was compared between the treated and
untreated animals by RT-PCR started from the same amount (1 µg) of RNA and by
WISH.
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Results
Comprehensive search for the complement genes of N. vectensis
BLAST search for the complement genes for the five mosaic protein families, C3, fB,
MASP, C6, and fI families, against the peptide sequences predicted from the genome
data of N. vectensis gave partial sequences for two C3, two fB, and one MASP genes.
No C6 and fI sequences were found (Fig. 2-1). The MACPF (MAC/fI) domain of the
C6 family, which is involved in the membrane attack, was identified in some predicted
genes, as reported previously as cnidarian C6-like sequences (22). However, these
were discriminated clearly from the authentic C6 family members by the lack of the
TSP (thrombospondin type 1 repeats), LDLa (low-density lipoprotein receptor domain
class A), CCP (complement control protein), or FIM (fI/MAC) domains. Similarly, the
domain set of fI was totally absent from the N. vectensis genome. The lack of C6 and fI
family genes in Cnidaria is also supported by the absence of the FIM domain in the N.
vectensis genome, which is unique to these families and involved in the interaction
with the C345c domain of the C3 family components (37). Other complement genes
were excluded from the current search, because of the lack of unique domain structures
available for their identification.

Comprehensive search for the five complement gene families in Placozoa, Porifera,
and Choanoflagellata
BLAST search for the five complement gene families against the draft genome data
of the porifera, placozoa, and choanoflagellate did not detect any member of these
families having the unique domains structures. The C3 and other thioester-bond
containing protein (TEP) genes seemed to be absent from the porifera and
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choanoflagellata, because the domains comprising the TEP genes were totally absent
from them (Table 2-1). In contrast, two TEP-like sequences (XM_002111552 and
XM_002111553) sharing several domains with the C3 family were found in the genome
of placozoan, a primitive metazoan whose phylogenetic position is still under debate
(38). However, these TEP sequences showed a higher amino acid identity to the
chordate CD109 than to C3, and lacked the C345c domain considered to be specific for
the C3 gene. The C345c domain was present in the placozoa genome, but it is found on
the different scaffold from that harboring the TEP genes. In contrast, some domains
comprising the other four complement gene families, the CCP, serine protease (SP),
C1r/C1s/uEGF/bone morphogenetic protein (CUB), epidermal growth factor-like
(EGF-like), TSP, LDLa, and scavenger receptor Cys-rich (SR) domains, were found in
all the three animals (Table 2-1). However, sequences encoding the unique domain
combinations of the four complement gene families were absent in these animals.
Although the final conclusion should wait for the completion of the genome assembly
of porifera, these results suggested at least the absence of the central complement
component C3 in the primitive metazoans and their close unicellular relatives,
indicating the absence of the complement system itself in these animals.
Presence of the A2M-like genes were also reported from many gram-negative
bacteria (39), and thought to be involved in the protection of the bacterial cell
membrane from the attack by the host’s proteases. In an archaean Methanococcoides
burtonii (strain DSM 6242) also, one A2M-like sequence (YP_566350) lacking the
C345c domain was found in the draft genome sequences (Table 1). Taken together with
the complete lack of the domains comprising the TEP genes in plant, fungi, and
unicellular and primitive multicellular animals, the TEP genes of bacteria and archaean
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is thought to be resulted from the horizontal gene transfer from the eumetazoan animals.

Molecular cloning and primary structure analysis of the N. vectensis C3 genes
BLAST search for the C3 family genes detected four partial TEP sequences, which were
identified as two C3 (2,232 and 689 bp), one alpha-2-macroglobulin (A2M) (681 bp),
and one CD109 (2,169 bp) genes by phylogenetic tree analysis (Supplementary Fig.
2-1A). The full coding sequence of the two C3 genes termed NvC3-1 (1,708 aa) and
NvC3-2 (1,740 aa) were obtained by RACE and RT-PCR. Their predicted amino acid
sequences showed 23% identity to human C3 and 41% identity to each other. Two
sequences with 99% amino acid identity were detected in a 1:1 ratio for the NvC3-1
gene from one individual, and these probably represent allelic variants. Because they
showed only eight amino acid substitutions at the positions with no obvious functional
importance, only one was used in the following analysis.
In the phylogenetic tree constructed based on the alignment of the entire amino acid
sequences (Fig. 2-2A), the C3 family formed a monophyletic group, and vertebrate
C3/C4/C5s, ascidian C3s, and cnidarian C3s formed their respective clades supported
by 100% bootstrap percentage. However, the relationship among them and other
invertebrate C3s was not resolved fully, suggesting a complicated evolutionary history
of the C3 genes.
The basic domain structure of the C3 family and the signal peptide for secretion
were conserved completely in the N. vectensis C3s (Figs. 2-1 and 2-3A). The
conservation of the C3a anaphylatoxin region, thioester site (GCGEQ), and catalytic
His residue for cleavage of thioester (Fig. 2-3A) suggested that both NvC3-1 and
NvC3-2 possess inflammatory and opsonic functions. The typical activation cleavage
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site (LXR) by the C3 convertase was also conserved in NvC3-1 but was substituted to
RXR in NvC3-2 similar to that observed in coral, horseshoe crab, and ascidian C3s.
(20, 21, 25) The presence of the alpha/beta processing site (RXXR) suggested that
NvC3-1 and NvC3-2 are processed into two-subunit chains. However, both Cys
residues involved in the disulfide linkage between the alpha and beta chains of
mammalian C3 (40) were substituted, and no other pair of Cys residues seems to be
involved in the interchain linkage. A highly Lys/Arg-rich insertion was found within
the MG8 domain of NvC3-1 and NvC3-2, as observed for coral C3. Insertion of the
alpha/gamma processing motif (RXXR) into the MG8 domain was also found in the
C3s of horseshoe crab (9), amphioxus (5), and lamprey (41), and in the C4s of
vertebrates (42). However, the Lys/Arg content of cnidarian C3s was extremely high
(~60%), and likely provides a unique, extremely positive charge to this region of N.
vectensis C3s. The RXXR motif was also found in the Lys/Arg-rich region of NvC3-2
and coral C3, but not in that of NvC3-1.

Molecular cloning and primary structure analysis of the N. vectensis fB genes
Two sequences encoding the partial domain set of fB were detected in the draft genome
database. The entire coding sequences of the two fB genes, termed NvfB-1 and NvfB-2,
were elucidated by RACE and RT-PCR. Their deduced amino acid sequences showed
19% and 17% identity with human fB, respectively, and 26% identity to each other. One
pair of putative allelic variants showing 99% amino acid identity was found for the
NvfB-1 gene. Only one was used in the following analysis, because none of the four
amino acid substitutions was observed at the putative functionary critical sites.
A phylogenetic tree using the entire amino acid sequence was constructed without

26

including any non-complement genes as an outgroup, because no other protein shares a
similar domain structure with fB. The tree topology did not correspond to the
phylogenetic relationship of the animals analyzed (Fig. 2-2B), as shown by the strange
positions of amphioxus and horseshoe crab fBs. Because invertebrate fBs have extra
CCP, EGF-like, or LDL domains at the N-terminal CCP repeat region, a phylogenetic
tree was also constructed using only the vWA and SP domains. However, the obtained
topology was completely the same (Supplementary Fig. 2-1B) as the tree shown in Fig.
2-2B. The evolutionary history of fB gene also seems not to be straightforward.
The deduced amino acid sequences of NvfB-1 and NvfB-2 contained a possible
signal peptide, suggesting that they are secreted proteins. The predicted domain
structure of NvfB-1 was the same as that of mammalian fBs, whereas NvfB-2 had two
extra CCP domains at the N-terminal region (Figs. 2-1 and 2-3B). The NvfB-1 is the
first invertebrate fB gene found to have completely the same domain structure as
vertebrate fBs. This result supports the idea that the domain structure of vertebrate fB
with only three CCP domains at its N-terminus is an ancestral feature of fB, whereas
the N-terminal region of invertebrate fBs experienced domain duplication or shuffling.
The N. vectensis fBs were expected to have trypsin-like proteolytic activity, based
on the presence of the three catalytic triad residues (H, D, S) and the Asp residues at
the bottom of the S1 pocket in the SP domain (Fig. 2-3B). The conservation of the
activation cleavage site (RX) between the CCP and vWA domains common to all
fB/C2 analyzed thus far suggested that they are cleaved by the trypsin-type SPs at this
site. The Mg2+ binding site in the vWA domain, which is involved in the allosteric
conformational change of the mammalian fB/C2, was also found.
Structural analysis of the mammalian fB/C2 indicated that they have the unique SP
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domain, whose S1 pocket conformation is distinct from that of other trypsin-type SPs.
The evolutionary analysis of fBs suggests that this structural specialization of
mammalian fB/C2 occurred in the common ancestor of the jawed vertebrates (43). In
accord with this evolutionary scenario, I found that the SP domain of N. vectensis fBs
did not share any unique structure with that of jawed vertebrate fBs. Rather, N.
vectensis fBs retained canonical features of trypsin-type SPs, both the Asp residue at
the bottom of the S1 pocket and the activation cleavage site (Arg-X) at the N-terminus
of the SP domain. The disulfide bridge linking the two chains processed at the
canonical cleavage site was also conserved in both. Therefore, it is indicated that the
activated N. vectensis fBs comprise the SP domain and the vWA domain, and that these
are linked together by a disulfide bond. The vertebrate fB/C2-specific disulfide bridge
within the SP domain was also absent from the N. vectensis fBs. These canonical
features were also found in the fBs of ascidians (44), sea urchin (19), lamprey (45), and
horseshoe crab (20), although the horseshoe crab fB secondarily lost the canonical
cleavage site at the N-terminus of the SP domain. Reflecting these structural features,
the phylogenetic tree using the SP domains from various trypsin-type SPs formed two
clades: one comprising only the jawed-vertebrate fB/C2s and the other comprising the
lamprey and invertebrate fBs and other non-complement SPs (Supplementary Fig.
2-1C).

Molecular cloning and primary structure analysis of the N. vectensis MASP gene
One MASP sequence with the complete domain set of MASP was detected in the
genome database. The full coding sequence of the MASP gene termed NvMASP (686
aa) was cloned successfully by RACE and RT-PCR, and the predicted amino acid
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sequence showed 33%, 33%, and 32% identities to the human MASP-1, MASP-2, and
MASP-3, respectively.
Phylogenetic analysis of the MASP family was performed using the NvMASP gene
as an outgroup, because all other MASP genes reported thus far were from chordates.
The tree topology reflected the postulated animal phylogeny completely (Fig. 2-2C).
The unique domain structure of the MASP family was conserved by the NvMASP
(Figs.2-1 and 2-3C), and the presence of the signal peptide indicated that NvMASP is
also a secreted SP. NvMASP had the canonical activation cleavage site of the
trypsin-type SPs (RX) at the N-terminal end of the SP domain. In additions, the
presence of the catalytic triad residues (H, D, S) and the Asp residue at the bottom of the
S1 pocket of the SP domain suggested the trypsin-like activity of NvMASP. The
mammalian MASP family members can be classified into two groups according to the
structure of their SP domain-encoding regions: 1) the MASP-2/MASP-3/C1r/C1s group
with an SP domain with some derived features, such as the lack of His loop, the split
exons encoding the SP domain, and the TCN codon for the catalytic Ser (31, 32); and 2)
the MASP-1 group with an SP domain similar to that of the other canonical SPs. The
NvMASP gene retained all the canonical features in its SP domain and was similar to the
MASP-1 group but not to the MASP-2/MASP-3/C1r/C1s group.

Expression analysis of complement genes of N. vecnensis
WISH analysis of the five complement genes using the adult polyp of N. vectensis
showed similar expression patterns, which were restricted to the endoderm especially at
the apical end of the tentacle cavity and the pharynx (Fig. 2-4B, left). In contrast, the
control PaxA gene showed an ectoderm-specific pattern, indicating that the staining
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patterns of the five complement genes were not non-specific. In the section of the WISH
samples, all the complement genes showed strong signals in a broad area of the tentacle
endoderm facing the tentacle cavity (Fig. 2-4B, right). In addition, signals for the five
genes were also observed in certain cells in the multiple-layered pharynx endoderm and
mesentery (46). No signals were detected in the ectoderm or gelatinous layer between
the two germ layers called mesoglea, which contains amoebocyte-like cells in some
cnidarian species (26). For the PaxA gene, cell-type specific signals were observed at
the edge of the mesentery and the tentacle ectoderm (Fig. 2-4B), a pattern that differed
greatly from that of the complement genes. No signal was detected by the sense probe
or without probe staining (data not shown).
RT-PCR analysis of the N. vectensis at five developmental stages showed that the
C3 genes were expressed in all these stages, whereas the expression of fB and MASP
genes started from the pre-hatch embryo, which contains the blastula and gastrula (Fig.
2-5, left). Together with the ISH results, this difference in expression timing suggests
that the expression of the fB and MASP genes starts simultaneous with the development
of the two germ layers, whereas that of the C3 genes precedes it. The expression levels
of the five genes reached a maximum in the hatched swimming larva, and the high
expression level continued to the adult polyp. RT-PCR using the RNA purified from
each tissue revealed the expression of all complement genes in the tentacles, pharynx,
and body column including the mesentery (Fig. 2-5, right), an expression pattern that is
consistent with the ISH result.
In additions, treatment of the N. vectensis polyps with the mixture of three
pathogen-derived molecules seemed to induce the expression of complement genes,
espatially for the NvC3-1 and NvfB-1 genes (Fig. 2-6, right). The LPS derived from P.
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aeruginosa had the highest potential to induce these two genes (Fig. 2-6, left). Because
expression levels were only compared using different individuals, whether these results
detected the induction of gene expression or just detected the individual variations
remain unclear. However, WISH using the LPS/zymosan-treated and untreated animals
clearly showed signals spread over the entire endodermal layer (Fig. 2-7).

Protein-level analysis using the polyclonal antibodies raised against the recombinant
NvC3-1, NvfB-1, and NvMASP proteins
Rabbit antisera raised against the insect cells-produced recombinant proteins using the
partial sequences of NvC3-1, NvfB-1, and NvMASP (Fig. 2-8A) successfully detected
these recombinant proteins (Fig. 2-8B). Specificity of antiserum was determined by the
western blotting using the antisera absorbed with different recombinant proteins
(negative control, Fig. 2-8B, left lane), or that absorbed with the same recombinant
protein used as an antigen (Fig. 2-8B, right lane).
Western blotting using these polyclonal antisera detected multiple bands in all the N.
vectensis protein extracts tested, the tentacles, body column, and body fluid (Fig. 2-8C).
Anti-NvfB-1 antiserum detected bands with corresponding size of the precursor (78
kDa) and processed light chain (51 kDa) of NvfB-1. In contrast, the anti-NvC3-1 beta
chain and anti-NvMASP antiserum detected multiple bands, which did not corresponded
to the deduced molecular weight of beta chain of NvC3-1 (73 kDa) or that of the
full-length or heavy chain of MASP (75 and 48 kDa). However, the ~120 kDa band
detected by anti-NvC3-1 antisera was obviously induced by LPS/zymosan treatment
(Fig. 2-8), in accord with the result obtained by the RT-PCR/WISH analysis (Figs. 2-6
and -7), implying the possibility of the post-translational modification of NvC3-1.
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Nevertheless, all the attempts for purifying these antisera-positive bands were
unsuccessful, due to difficulty for collecting the enough amount of proteins from the
body fluid or for solublizing these proteins from the tissue homogenates.
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Discussions
The identification of the C3, fB, and MASP genes from Cnidaria indicated the
unexpectedly ancient origin of the multi-component complement system, which can be
traced back to before the divergence of Cnidaria from the Bilateria (Triploblastica)
lineage more than 600 million years ago in the Precambrian era (23). In contrast, a
similar search using the draft genome/EST database of the non-eumetazoan animals,
porifera and choanofllagelata, did not detect not only any member of the five
complement gene families but also the any domains of TEP genes. Thus, it is likely that
the complement system was established in the common ancestor of eumetazoan animals
by the de novo creation of the C3/TEP gene and the establishment of the domain
composition of fB and MASP genes by the shuffling of the preexisting domains.
The identified cnidarian complement components retained most of the domain
structures and amino acid residues shown as functionally critical in mammals,
suggesting that these components conserved the basic biochemical functions throughout
metazoan evolution. All five complement components of N. vencensis retained the
putative activation cleavage site susceptible to the trypsin-type SP. On the other hand,
NvfB-1, NvfB-2, and NvMASP retained all the amino acid residues within the SP
domain essential for the trypsin-type proteolytic activity. In addition, all domains
required for the binding of mammalian fB to C3 were retained in NvfBs, suggesting that
NvC3s is the physiological substrate of NvfBs. Similarly, NvMASP is expected to be
the first enzyme of the cascade, although the physiological substrates of the human
MASP-1, which shares structural characteristics with NvMASP, is still debated (47-49).
Together with the colocalization of their mRNA in the same tissues, this evidence
suggests that these cnidarian components form the primitive proteolytic network similar
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to the lectin and alternative pathways of the vertebrate complement system. The finding
of the MASP gene in nonchordate is particularly important, indicating the ancient origin
of the lectin pathway as old as that of alternative pathway. The possible presence of the
upstream initiation factors for the three mammalian complement activation pathways,
properdin, factor D, MBL, C1q, or ficollin, are still to be clarified, although these genes
are difficult to identify from the domain structures, which are too simple and ubiquitous.
The absence of C6 and fI family genes in Cnidaria is consistent with the expected
evolutionary origin of these families in the vertebrate lineage (50) and indicates the
absence of the cytolytic and fI-dependent regulatory pathways in the primitive
complement system of cnidaria.
The most prominent feature found uniquely in cnidarian C3 is the highly KR-rich
insertion in the MG8 domain. It is plausible that this highly cationic patch, which is
probably exposed on the molecular surface of the cnidarian C3s (42), interacts with the
negatively charged molecules on microbes, as do some antimicrobial peptides (51).
Another curious feature found only in cnidarian C3s is the lack of a disulfide bridge
linking the alpha and beta chains (40), suggesting that the two subunit chains of the
mature cnidarian C3 are held together only by noncovalent forces. Cnidarian fB and
MASP also retained some ancestral features, which were lost in the jawed vertebrate
orthologoues. The N. vectensis fBs, together with some invertebrates and lamprey fBs
retained the canonical activation cleavage site at the N-terminal end of the SP domain
and the Asp residue at the bottom of the S1 pocket, both of which were lost secondarily
in the jawed vertebrate fB/C2 (43). In most trypsin-type SPs, cleavage at the canonical
site induces a dynamic conformational change in the SP domain leading to
transformation of the oxyanion hole and the substrate binding site into an active form
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(52). Therefore, the loss of the canonical cleavage site and the drastic structural
reorganization of the SP domain, including the substitution of the Asp residue in the S1
pocket, is likely to have occurred simultaneously in the jawed vertebrate fB/C2, creating
a novel activation mechanism (53). Similarly, the cnidarian MASP, together with
invertebrate MASPs and vertebrate MASP-1, shared some canonical features of the SP
domain, which were lost in the vertebrate MASP-2, MASP-3, C1r, and C1s, indicating
that the ancestral MASP was an MASP-1 type molecule.
While retaining the several ancestral features, the cnidarian C3 and fB genes showed
the closest phylogenetic relationship to those of amphioxus, which is believed to be the
most basal chordates, rather than to those of other nonchordates. These results suggest
that the ancestral amino acid sequences of these complement genes are well conserved
in cnidarians and chordates. In addition, recurrent loss of the complement genes seems
to have occurred in protostomes, as indicated by the complete absence of the
complement genes in the genome of Caenorhabditis elegans or Dorosophila
melanogaster. Our results indicate that the complement genes are no exception to the
postulated tendency of the cnidarian genome (29), closer resemblance to that of
vertebrates rather than those of protostomes.
The ISH analysis indicated that the cnidarian C3, fB, and MASP genes are expressed
in the three endodermal tissues of adults, the endoderm of the tentacle and pharynx, and
the mesentery. This result is compatible with a previous report on C3 gene expression in
the undifferentiated endodermal cells of the coral embryo and larva (22). All
endodermal cells in the tentacle expressed these genes, whereas these genes were
expressed only in particular cells, possibly the secretary cells or phagocytes in the
pharynx endoderm and mesentery. These results indicate that the five components are
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secreted into the coelenteron, the only cavity facing these endodermal tissues. As
indicated by ISH analysis, the expression level of these five genes was higher in the
tentacle endoderm than in the mesentery or pharynx, although the mesentery is the only
internal organ of cnidarians, which has multiple functions (26). This result indicates that
the primary site for complement action is the tentacle cavity, which is connected with
the coelenteron. The tentacle cavity seems to form the partially separated space within
the coelenteron suitable for the storage and concentration of the serum proteins to
protect them from the inactivation by digestive enzymes such as trypsin or dilution by
sea water. This is the first report implying the critical function of the internal space of
the tentacle, whose homologous tissue is not found in other animals.
Supporting this hypothesis, the antigenicities against the recombinant N. vectensis
complement proteins were also detected in the body fluid and tentacle homogenates. For
the identification of these antisera-positive protein bands, MS fingerprint or N-terminal
amino acid sequencing using the purified proteins is necessary. For animals developed
three germ layers (triploblast), serum complement proteins are highly concentrated in
the blood or body fluid, making it easy to purify these chemically unstable proteins only
by the several steps of liquid chromatography. In cnidarian, however, it was difficult to
collect enough amount of proteins from their sea water-diluted body fluid, and
extraction of these proteins from tissue homogenates was also unsuccessful. Using
cnidarian with larger size (e.g. jelly fish) seems to be the best way to overcome these
problems.
In conclusion, the endodermal cells-specific expression of the cnidarian complement
genes indicates the existence of the complement system within the cnidarian gut, the
coelenteron. This idea is consistent with the expectation that the cnidarian coelenteron
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serves as the digestive tract with an alternative function as the primitive circulatory
system. The humoral complement system of vertebrates is thought to have evolved from
the primitive complement system within the gut cavity of two germ-layered ancestor
similar to cnidarians along with the establishment of the circulatory system by the third
germ layer, the mesoderm.
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Fig. 2-1. Schematic drawing of the unique domain structures of the five complement
families of human and that identified from N. vectensis. Domain structures of the five
complement families of human (left) and N. vectensis (right) were compared. For the
human C6 family, only the domain structure of C6 is shown, since the C7, C8A, C8B,
and C9 lack some of the domains found in C6. Abbreviations of domain names are
indicated in the figure legend of Fig. 1-2 (p. 11). The processing site (open triangle),
activation cleavage site (solid triangle), and the disulfide bridge linking two subunit
chains generated by processing (line) are also indicated.
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Fig. 2-2. Phylogenetic trees of the three complement gene families. Trees were
constructed based on the alignment of the full length amino acid sequences of C3, fB,
and MASP family genes, using the NJ method excluding gaps by pair-wise deletion.
Bootstrap percentages are given. Accession numbers of each entry are listed in table 1-1
(p. 11). (A) Phylogenetic tree of the C3 family. (B) Phylogenetic tree of the fB family.
(C) Phylogenetic tree of the MASP family.
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Fig. 2-3. Multiple alignment of the amino acid sequences of the N. vectensis complement
components with those of representative species. Names and boundaries of domains are
shown above the sequences. Abbreviations of the domain names are indicated in the legend
of Fig. 1-2. (p. 11) (A) Alignment of NvC3-1 and NvC3-2 with human C3, C4A, and C5,
and coral (co) C3. Only one of two putative alleles for NvC3-1 gene (AB450038) is shown,
and eight amino acid substitutions observed in the other allele (AB450039) are shown
above the NvC3-1 sequence. Alpha/beta processing site, activation cleavage site, fI
cleavage sites, thioester site, catalytic His, and alpha/gamma processing site are boxed.
Conserved Cys residues in the C3a anaphylatoxin region are marked (*), and the disulfide
bridge between the alpha/beta chains are shown by lines. Signal peptide and KR-rich
region are underlined.
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Fig. 2-3A.
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Fig. 2-3A. (Continued)
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Fig. 2-3. (B) Alignment of the NvfB-1 and NvfB-2 with human fB/C2. Only one of two putative
alleles for NvfB-1 gene (AB450041) is shown, and four amino acid substitutions observed in the other
allele (AB450040) are shown above the NvfB-1 sequence. The canonical and jawed vertebrate
fB/C2-specific activation cleavage sites are boxed. Conserved Cys residues in the CCP domain (*),
Mg2+ binding site residues (#), catalytic triad residues (%), and Asp residue at the bottom of the S1
pocket of SP domain ($) are marked. Two disulfide bonds, one possibly linking the two chains
generated by the canonical cleavage site, and the other unique to the jawed vertebrate fB/C2, are
shown by lines. Signal peptide, and the several amino acid residues around the canonical activation
cleavage site of NvfB-1 and -2, which are missing from the jawed-vertebrate fB/C2 are underlined.
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Fig. 2-3. (C) Alignment of NvMASP with the human MASP family components. Activation cleavage
site and active site Ser encoded by the TCN codon are boxed. Cys residue conserved in the CUB,
EGF-like, and CCP domains (*), catalytic triad residues (%), and Asp residue at the bottom of the S1
pocket of SP domain ($) are marked. Disulfide linkage between the heavy and light chains and His
loop are shown by lines. Signal peptide is underlined.
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Fig. 2-4. In situ hybridization for the five N. vectensis complement genes. (A)
Schematic cross-section structures of the cnidaria and triploblastica. Cnidaria
(diploblastica) lacks the mesoderm, body cavity, and blood vessels. (B) WISH for the
five complement genes using adult N. vectensis polyp. All of the five complement
genes showed completely the same expression pattern in the whole-mount samples
(left) and in the cross sections of WISH samples at the tentacles, pharynx, and body
column including mesentery (right). In whole-mount samples, signals were observed at
the endoderm of the tentacle tip (te), pharynx (ph), and mesentery (me) (black arrows).
In sections, broad signals were detected in the tentacle endoderm (te.end), and
cell-type specific signals were detected in the pharynx endoderm (ph.end) and the
middle part of mesentery (me) (black arrows). No signals were detected in the
ectoderm (ect) or mesoglea (meso) (white arrows). For the control paxA gene, signals
were detected at the body colum ectoderm (bc.ect) and tentacle ectoderm (te.ect) in
WISH, and at the tentacle ectoderm (te.ect) and the edge of mesentery (me) in sections
(black arrows).

45

Fig. 2-4.
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Fig. 2-5. Temporal and spatial expression of the five N. vectensis complement genes.
RT-PCR for the five complement genes were performed using RNA purified from the
N. vectensis at five different developmental stages (left) or three different parts of adult
body (right).
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Fig. 2-6. RT-PCR using N. vectensis treated with pathogen derived molecules. Adult N.
vectensis polyps treated with 100 µg/ml of LPS from P. aeruginosa or E. coli, 10
mg/ml of zymosan, or mixture of these agents were subjected to the RT-PCR for the
four complement genes. Experiments were not performed for NvfB-2.
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Fig. 2-7. WISH after the LPS/zymosan treatment. (A) The N. vectensis polyps treated
with the P. aeruginosa LPS or zymosan showed inflammation-like appearance (e.g.
shrinkage of the body and mucous secretion). (B) WISH for the complement genes
using N. vectensis treated with the mixture of the LPS/zymosan (same amount in Fig.
2-6). Experiments were not performed for NvfB-2.
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Fig. 2-8. Protein-level analysis of the cnidarian complement components. Western blotting using
the anti-recombinant N. vectensis complement antiserum. (A) Antiserum was produced against the
recombinant NvC3-1, NvfB-1, and NvMASP proteins using the paritial deduced cDNA sequences
indicated by shadow. Deduced molecular weights (kDa) of the precursor or processed
polypeptides are indicated. (B) Western blotting performed against the recombinant NvC3-1 (α/β
chains), NvfB-1, and NvMASP proteins. Anti-NvC3-1 (α/β chains), NvfB-1, and NvMASP
antisera absorbed with different recombinant proteins still detected original antigen (left), whereas
that absorbed with original antigen failed to detect them (right).
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Fig. 2-8. Protein-level analysis of the cnidarian complement components (Continued). (C)
Western blotting against the proteins extracted from the body fluid (Bf), tentacles (Te), and body
column (Bc) of N. vectensis polyps with (right) or without (left) the LPS/zymosan treatment was
performed. Anti-recombinant NvC3-1 (β chain), NvfB-1, and NvMASP antisera detected multiple
bands in all the protein fraction extracted from N. vectensis, whereas anti-recombinant NvC3-1
(α/β chains) antisera detected no bands (not shown).
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Table 2-1. Presense/absence of protein modules comprising the five complement gene families in various taxa.

Domain
*
A2M N
*
A2M N 2
*
ANA
*
A2M
*
A2M comp
*
A2M recep
C345c
CCP
vWA
SP
CUB
EGF
TSP
LDLa
MACPF
FIM
(Kazal)
SR

¶

Archea

+
+
+
+
+
+
+
+
-

¶

Eubacteria

+
+
+
+
+
+
+
+

+
+
+
+
+
-

+
-

¶

For the C3 family, domain names defined by pfam (not by SMART) was indicated here. Presence (+)/absence (-) of domains detected by BLAST search†

or by SMART/pfam program¶ are shown. Abbraviations of the domain names of C3 family defined by pfam are as follows: A2M_N, A2M N-terminal;

A2M_N2, A2M N-terminal 2; ANA, anaphylatoxin/fibulin; A2M, alpha-2-macroblobulin; A2M_comp, A2M complement component; A2M_recep, A2M
receptor-binding.

Domains comprising C3 family were basically restricted in eumetazoan animals. Some eubacteria and archean M. burtonii also have A2M/CD109-like

genes lacking the ANA and C345c domains, however, they are thought to be transferred horizontally from eukaryotes. In contrast, almost all the domains
comprising the other complement genes showed ubiquitous distribution in most taxa.
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Supplementary Fig. 2-1. Phylogenetic trees of the complement genes. Sequences used here are the same
with those used in the Fig. 2-2. All trees were constructed by NJ method. (A) Phylogenetic tree of the C3
family including the partial deduced amino acid sequences of the NvA2M and NvCD109 genes. (B)
Phylogenetic tree of the fB gene family using only the vWA and SP domains. (C) Phylogenetic tree of the
various complement and coagulation SP proteins, using the SP domain sequences.
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Part II

Comprehensive cloning of the complement genes
of agnathan lamprey by the liver EST analysis
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Abstract
The complement and coagulation systems in mammalian blood are composed of
multiple components with unique domain structures, and are believed to be established
by exon-shufflings and following gene duplications. To elucidate the evolutionally
origin of these two apparently similar reaction systems in vertebrates, liver EST and 5'and 3'- RACE analyses were performed in lamprey, Lethenteron japonicum. For the
complement system, the factor I cDNA was cloned for the first time outside of the
jawed vertebrates. Evidence for the C3/C4/C5, fB/C2 and MASP-1/MASP-2/C1r/C1s
gene duplications was not found, suggesting that these duplications occurred in the
jawed vertebrate lineage. In contrast, the coagulation factors VII and X, prothrombin
and protein C-like cDNAs were identified, indicating that duplications among them
predated the cyclostome-jawed vertebrate divergence. The genes for terminal
complement components (C6 family), coagulation factors XI and XII, or prekallikrein
were not found, suggesting that the complement and coagulation systems of an ancestral
vertebrate were simpler compared to their mammalian counterparts.
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Introduction
Phylogenetic studies have been accumulating to understand the origin and evolution of
the two apparently similar reaction systems, the complement and coagulation systems.
Recent completion of genome projects of some teleost (54) and ascidian (13) species
made it possible to identify fish or ascidian orthologs of the mammalian complement
and coagulation genes, although the teleosts have also experienced their own gene
duplications, increasing the numbers of orthologs corresponding to each duplication
products found in mammals. These data reveal that the complement and coagulation
systems developed by creation of new genes and duplications of the preexisting genes in
the vertebrate lineage after the divergence of urochordates (15, 55). However, the lack
of detailed information in lower vertebrates makes it difficult to decide whether the
significant developments of the complement and coagulation systems occurred before or
after the emergence of jawed vertebrates.
The genome analysis of Ciona intestinalis indicated that the most complement gene
families characterized with unique domain architectures, the C3, factor B (fB),
mannan-binding protein-associated serine protease (MASP), and terminal complement
component (TCC or C6) families, are present in the ascidian (15). However, evidence
for the C3/C4/C5, fB/C2, MASP-1/MASP-2/C1r/C1s or C6/C7/C8A/C8B/C9 gene
duplications, which probably played important roles in establishing the classical and
cytolytic complement pathways, has not been recognized in the ascidian genome. In
contrast, evidence for these gene duplications is obvious in the teleost genome,
indicating that these gene duplications occurred early in vertebrate evolution (50). It is
not clear, however, whether or not these gene duplications predated the emergence of
jawed vertebrates.
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The coagulation system of higher vertebrates is another proteolytic activation
cascade system in blood, involved in the formation of solid clots at the site of injury.
Two activation pathways, the contact-activation and tissue-factor pathways, merge at
the limited proteolytic activation step of Factor X (FX). Activated FX catalyzes the
limited proteolytic activation of prothrombin (PT) into thrombin, which in turn converts
fibrinogen into fibrin, the building block of a hemostatic plug. Phylogenetic
biochemical studies performed thus far have indicated that blood coagulation involving
the basic components, tissue-factor, PT and fibrinogen is present in fish including
cyclostomes (56). In addition, sequences for the most coagulation factor genes were
identified from the genome of puffer fish, Takifugu rubripes, except for the genes in the
contact-activation pathway, factor XI (FXI), factor XII (FXII) and prekallikrein (55, 57).
In contrast, no obvious orthologs of mammalian coagulation genes have been identified
in the urochordate C. intestinalis genome (55). These results indicate that most
coagulation factor genes, and the coagulation system itself, was generated and
developed in the vertebrate lineage before the emergence of bony fish. In addition,
identification of the sequence for coagulation factor genes from the lamprey
(Petromyzon marinus) trace database has just been reported (58), although the entire
coding sequences and expression of the predicted genes remain to be clarified.
In this part, I performed EST and 5'- and 3'- RACE analyses using lamprey
(Lethenteron japonicum) liver mRNA, to obtain comprehensive structural information
on the complement and coagulation system genes in cyclostomes, which diverged from
the jawed vertebrate lineage approximately 600 million years ago (59).
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Materials and Methods
Poly(A)+ RNA extraction
L. japonicum was purchased from a local dealer in Ebetsu, Hokkaido, Japan. RNA was
isolated from liver using guanidine thiocyanate method (60), and poly(A)+RNA was
isolated by an oligo(dT) cellulose type 7 column (GE Healthcare).

Construction of a non-normalized cDNA library
Five µg of liver poly(A)+ RNA from one individual of lamprey was used for the
construction of a directional cDNA library using the pBluesscript II XR cDNA library
construction kit (Stratagene). A total of 2,371 colonies with insert sizes ranging from 0.5
to 2 kb were subjected to the sequence analysis.

Construction of a normalized cDNA library
Double stranded-cDNA was synthesized using liver poly(A)+ RNA from 25 individuals
of lamprey by the BD SMARTTM PCR cDNA synthesis kit (BD Biosciences Clontech).
Using the Trimmer cDNA normalization kit (Evrogen), 1.2 µg of cDNA was normalized,
which was then cloned into the pCR 2.1 TOPO-TA cloning vector (Invitrogen). A total
of 9,619 colonies with insert sizes ranging from 0.5 to 2 kb were subjected to the
sequence analysis.

Sequence analysis of cDNA clones
Plasmid DNA was extracted by the Multiscreen-FB plates (Millipore) and used as a
template for the DNA sequencing reaction with the BigDye terminator cycle sequencing
ready reaction (PE Applied Biosystems). 5'-end of non-normalized cDNA clones was
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sequenced using T7 primer, and one end of normalized, non-directional cDNA clones
was sequenced using M13R or M13F primer, by a 3100 or 3130 ABI PRISM DNA
sequencer (PE Applied Biosystems). Nucleotide sequences of 11,521 clones in total
were vector-masked and assembled by EG assembler (http://egassembler.hgc.jp/).
Obtained 1,274 contigs and 2,702 singletons were analyzed by the BLAST-X (DNA vs
protein) search against the non-redundant protein database at the National Center for
Biotechnology Information. 5'- and 3'- Rapid amplification of cDNA ends (RACE) was
performed for newly identified complement and coagulation factor cDNAs to obtain the
entire coding information using the Smart RACE cDNA amplification kit (Clontech).

Phylogenetic Analysis
Multiple alignment of the full length of amino acid sequences was performed using
ClustalX (32). Based on the alignment, a phylogenetic tree was constructed by the
neighbor-joining (NJ) method (33) using MEGA4 (34), excluding gaps by pair-wise
deletion. Pairwise genetic distances were obtained by poisson correction. The degree of
support for internal branches was assessed by the 1,000 bootstrap replicates. Additional
phylogenetic trees were constructed based on the same alignment by the maximum
parsimony (MP) method using MEGA4, not excluding position with gaps, and
maximum likelihood (ML) method using Tree-puzzle5.2 (61) by applying the default
setting. The NJ, MP and ML trees were compared, and only the internal branches
appeared in all three trees were considered to be the consensus internal branches. Only
NJ trees are shown with the bootstrap percentages for consensus internal branches in
boldface.
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Results
EST analysis
A total of 2,372 and 9,149 clones were analyzed from the non-normalized and
normalized cDNA libraries, respectively. After clustering, 1,274 contigs and 2,702
singletons were analyzed by BLAST-X searches. ESTs for more than 50 possible serum
protein genes (62) were identified as summarized in Table 3-1. The schematic structures
predicted from the identified cDNAs of lamprey complement and coagulation genes
with unique domain architecture are summarized in Fig. 3-1.

Complement genes
Thus far, two C3 (41), one fB (45) and three MASP (17, 63) genes have been reported
from L. japonicum, whereas no information has been reported for the TCC and fI
families. The present analysis identified the cDNA for one fI gene (Fig. 3-2A) for the
first time from outside of jawed vertebrates, and revealed the cDNA for one novel gene
in the C3 (Fig. 3-2B) and fB families (Fig. 3-2C), respectively.

Factor I gene
Three cDNA clones were obtained for the fI gene (Table 1), and its entire coding
sequence was elucidated by 5'-RACE-PCR, revealing that the domain architecture of
lamprey fI is exactly the same with that of jawed vertebrate fIs (64), FIM (factor
I/membrane attack complex)/SR (scavenger receptor Cys-rich)/LDL (low-density
lipoprotein receptor domain class A) /LDL/SP (serine protease) (Figs. 3-1, 3-2A). Since
the FIM domain has not been found in the elucidated genomes of invertebrates, and this
domain reported in sea urchin was not predicted by SMART or pfam programs, this is
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the first report of not only fI but also the typical FIM domain from animals other than
jawed vertebrates. Alignment of the lamprey fI amino acid sequence with those of jawed
vertebrates (Figure 3-2A) showed conservation of most of the invariable amino acids of
jawed vertebrate fIs, including Arg-X-X-Arg at the processing site, the Cys residues
involved in the disulfide bridge between the heavy and light chains, the His, Asp and
Ser residues of the catalytic triad, and the Asp residue at the bottom of the specificity
pocket of the SP domain. Upon the phylogenetic tree analysis, lamprey fI formed a
cluster with jawed vertebrate fIs, although the phylogenetic relationship within this
cluster was not resolved (Figure 3-3A).

C3 family
Three cDNA contigs termed C3-1, C3-2, and C3-3 were obtained (Table 3-1, Fig. 3-2B)
by clustering the ESTs. The C3-1 contig most probably represents an allelic variant of
an already reported C3 (Q00685) (41), since they share 99% amino acid sequence
identity. Similarly, the C3-2 contig was judged as an allelic variant of another C3
sequence deposited in the database (BAA02763) based on 97% amino acid sequence
identity. In contrast, the C3-3 contig showed only 88-89% amino acid sequence identity
to them. Thus, we tentatively concluded that the C3-1, C3-2 and C3-3 represent three
independent genes rather than allotypes, although the final conclusion should wait for
segregation analysis or completion of genome analysis. Amino acid sequence alignment
of C3-1, C3-2 and C3-3 showed the perfect conservation of the functionally important
residues at the beta-alpha processing site, the C3a region, the C3 convertase cleavage
site, and the thioester site (Fig. 3-2B). Upon phylogenetic tree analysis, three lamprey
C3 cDNA contigs formed a clade supported by the highest bootstrap percentage (Fig.
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3-3B). The genetic distance among these three lamprey C3s was small, suggesting that
they arose by recent gene duplications within the lamprey lineage. The lamprey C3s
together with jawed vertebrate C3 and hagfish C3 (65) formed a clade, suggesting that
the C3/C4/C5 gene duplications occurred in the vertebrate lineage before the divergence
of the jawed and jawless vertebrates. Human C3, C4, and C5 genes are located in the
MHC and its paralogous regions, and are believed to be generated by the two-rounds of
whole genome duplication (8). The result of our phylogenetic tree analysis is
compatible with this hypothesis. However, no C4 or C5 cDNA was identified by the
present EST analysis of lamprey liver, in spite of identification of 116 C3 ESTs. Since
serum concentrations of human C4 and C5 are about 1/2 and 1/20 of that of C3,
respectively (66), it is suggested that there is no C4 or C5 gene in lamprey. Supporting
this conclusion, the C4 or C5-like sequences are also missing from the draft genome
sequence of another lamprey species, P. marinus (Genome sequencing center at
Washington University, BLAST URL: http://pre.ensembl.org/Petromyzon_marinus/
blastview). These results indicate that the C3/C4/C5 gene duplications occurred in the
jawed vertebrate lineage, and clustering of cyclostome C3s with jawed vertebrate C3s
upon phylogenetic tree analysis may reflect accelerated evolution of C4 and C5 during
their functional specialization after their gene duplication from C3.

Factor B family
For the fB family, cDNA contigs for one novel and one previously reported fB (45)
genes named lamprey fB-2 and fB-1 were obtained (Fig. 3-2C), and the percent amino
acid identity between them is 43% (Table 3-1). Almost all the functionally critical
residues were conserved in lamprey fB-2 also, except for the activation cleavage site
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between the CCP and vWA domains. As is also found in all the invertebrate fBs (Part I),
canonical activation cleavage site of the trypsin-type serine protease was found both in
lamprey fB-1 and fB-2. Upon phylogenetic tree analysis, these two contigs formed a
clade with the highest bootstrap percentage at the basal position of the vertebrate fB/C2
cluster, indicating that the fB/C2 gene duplication occurred in the jawed vertebrate
lineage (Fig. 3-3C). However, the exact timing of the fB/C2 gene duplication in the
jawed vertebrate lineage is still not clear, since most internal branches, except for one
clustering the C2 genes of human and frog, were not reproduced in the MP or ML trees.
The two lamprey genes are considered to have diverged from a common ancestor of
jawed vertebrate fB and C2, and have duplicated at an early stage of cyclostome
evolution.

MASP family
For the MASP family, one MASP-1 gene and two MASP-2/3 type genes termed MASP-A
and -B have been reported from L. Japonicum (17, 63). The present EST analysis
identified seven MASP clones, and all of them showed more than 95% amino acid
sequence identity to the MASP-A gene (Table 3-1). No MASP-B and MASP-1 cDNA
were identified most probably due to the low expression levels of these genes compared
to MASP-A. Compared to other complement genes, the expression level of the MASP
genes is also low in human (67). C1r or C1s cDNAs were not found in the lamprey liver
ESTs, and the sequence similar to these genes were also absent from the P. marinus
genome.
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TCC family
No TCC cDNA was obtained by this EST analysis. In addition, RT-PCR trial to amplify
TCC cDNA using degenerate primers failed for L. japonicum liver mRNA, whereas the
same method successfully amplified TCC-like cDNAs from two ascidian species,
Halocynthia roretzi and C. intestinalis, and two shark species, Mustelus manazo and
Chimaera phantasma (see Part III). These results indicate that either the TCC gene is
absent from the lamprey genome, or is present but not expressed in lamprey liver.
BLAST searches failed to detect the TCC-like sequence in the draft assembly of the P.
marinus genome, supporting the former possibility.

Other complement genes
Two lectin genes, C1q (68) and MBL (mannan-binding lectin) (69), and one
complement regulatory gene, Lacrep (70), have already been reported from lamprey.
Our analysis identified EST sequences corresponding to all these three genes. In
addition, ESTs for two novel C1q-type genes were also identified. However, due to the
simplicity of the domain architecture of the C1q, consisting of one collagen and one
C1q domains, it is difficult to identify them as the classical complement component C1q
based only on their primary structure, as was in the case of some invertebrates.

Coagulation genes
Human coagulation factors with a unique domain architecture are classified into four
families; the vitamin K (VK)-dependent serine protease family (FVII, FIX, FX, protein
C (PC) and PT), the FV/FVIII family (FV and FVIII), the prekallikrein/FXI family
(prekallikrein and FXI), and the FXII family (only FXII). By this lamprey EST analysis,
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cDNA contigs for four genes of the VK-dependent serine protease family, three
GLA/EGF/EGF/SP-type and one GLA/KR/KR/SP-type genes, were identified (Table
3-1, Figs. 3-1 and -4). Upon phylogenetic tree analysis (Fig. 3-5A), two of the
GLA/EGF/EGF/SP-type cDNAs formed a cluster with the jawed vertebrate FX,
supported by a bootstrap percentage of 57%, and were termed lamprey FX1 and FX2.
The other one, lamprey FVII, formed a cluster with teleost FVII with a bootstrap
percentage of 92%. Although this cluster formed a clade with tetrapod FVIIs in the NJ
and MP tree, this clade was not supported by the ML tree (Supplementary Fig. 3-2A).
Another EST coded a SP domain similar to that of human PC. However, our trial to
clone the 5' end by 5'-RACE failed, and its entire domain architecture is still unclear. A
phylogenetic

tree

of

the

PT

gene

with

the

GLA

(domain

containing

gamma-carboxylated Glu residues)/KR (kringle)/KR/SP domains, drawn using human
FX as an outgroup, located lamprey PT in the clade of vertebrate PT together with the
already reported hagfish PT (71) (Fig. 3-5B). However, the branching order within this
clade was not clear since basal branches were not reproduced in the MP and ML trees
(Supplementary Fig. 3-1). A search for the genes encoding the VK-dependent proteases
from the P. marinus genome database detected at least six scaffolds containing more
than two domains out of four domains characteristic to this family, and five of these
scaffolds showed an orthologous relationship to the five genes identified from L.
japonicum. The other scaffold showed no close relationship to any member of this
family upon phylogenetic tree analysis (data not shown).
Alignment of amino acid sequences of lamprey and human VK-dependent serine
proteases is shown in Fig. 3-4. Functionally important residues such as the Cys residues
involved in the interchain disulfide bond of FVII, FX and PC, and the catalytic triad
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residues of the SP domain were perfectly conserved. In addition, the Asp residue at the
bottom of the specificity pocket of the serine protease domain was also conserved,
suggesting that all four lamprey proteases have a trypsin-type cleaving specificity.
However, the Arg-Ile residues at the activation cleavage site were substituted by Ser-Ile
residues in lamprey FX2. Thus, it is unlikely that lamprey FVII can activate lamprey
FX2.
The cDNAs for other three gene families, FV/FVIII, FXII and FXI/prekallikrein
genes were not identified by this lamprey liver EST analysis. Although a systematic
search of the P. marinus trace database identified FV/FVIII-like sequences (58), none of
them contained more than two domains out of the five domains characteristic of this
family, leaving the identification of these genes inconclusive.
The other putative coagulation factor cDNAs identified for the first time from
cyclostomes were heparin cofactor II with one serpin (serinprotease-inhibitor) domain,
and tissue-factor pathway inhibitor with three Knitzu (BPTI/knitzu family of serine
protease inhibitors) domains (Table 3-1). However, because of the simple domain
organization and the presence of non-coagulation genes sharing the same domain
organization in the human genome, identification of these coagulation gene cDNAs is
tentative. Orthologous sequences of the four fibrinogen genes, alpha-1, alpha-2, beta
and gamma, already reported from P. marinus (72), were also identified (Table 3-1).
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Discussion
The present EST analysis identified the following cDNAs of the complement and
coagulation systems with unique domain architecture for the first time from lamprey;
complement fI, coagulation FVII, two FXs, and PT. Except for PT, which was already
reported from hagfish, the complete primary structures of these genes are reported for
the first time from jawless vertebrates. This analysis also helps to clarify the timing of
the gene duplication events that played an important role in establishing the
sophisticated complement and coagulation systems of jawed vertebrates.
Four of five complement families with characteristic domain architecture were
identified from the lamprey liver ESTs. The presence of the fI gene in lamprey,
possessing exactly the same domain architecture as jawed vertebrate fI genes, indicated
that the cyclostome complement system is equipped with the fI-dependent regulatory
mechanism. The only complement family for which no lamprey liver EST was
identified was the TCC family. TCC-like genes were already reported from amphioxus
(16) and ascidians (15), although they have an incomplete domain structure compared to
the jawed vertebrate TCCs, lacking some domains essential for the interaction with
other complement components in vertebrates (50). However, a common ancestry of the
amphioxus/ascidian TCC-like genes and the jawed vertebrate TCC genes is indicated by
the completely conserved order of other several common domains. The failure to detect
the TCC-like sequences by the current EST analysis as well as by BLAST searches of
the P. marinus genome suggests a secondary loss of this family of genes, and the
absence of the lytic complement pathway in lamprey, supporting the previous functional
study (73). Therefore, the TCC genes and lytic complement pathway were established in
the common ancestor of the jawed vertebrates, since the shark and all other
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gnathostomes have a well developed complement system equipped with the lytic
pathway (74). Molecular cloning of the shark TCC gene will be described in Part III.
For the other three complement gene families, the C3, fB and MASP families, the
present and previous analyses identified multiple lamprey sequences. However, it is not
clear whether the multiple copies of these genes were tandem duplication products or
genome-wide duplication products, since the scaffolds of the draft genome data of P.
marinus are not long enough to obtain linkage information. In contrast, the lamprey fI
seems to be a single copy gene, like all jawed vertebrate fI genes analyzed so far, except
carp, a tetraploid species (75). The lamprey C3, fB and MASP gene family sequences
formed their own cluster in the phylogenetic tree, indicating that the C3/C4/C5, fB/C2
and MASP-1/MASP-2/C1r/C1s gene duplications occurred in the jawed vertebrate
lineage after the divergence of cyclostomes. Since C4, C2, C1r and C1s are essential
components for the antibody-dependent classical pathway, these results strongly support
the previous suggestion that the classical pathway was newly established in the common
ancestor of jawed vertebrates simultaneously with the appearance of the adaptive
immune system based on the immunoglobulin, T-cell receptor, and MHC (50). The
putative complement system of lamprey is summarized in Fig. 3-6A. Two activation
pathways with innate recognition, the lectin and alternative pathways, and complement
regulators are most likely involved in a strictly regulated activation of C3, leading to
formation of activation fragments of C3, C3a and C3b, which induce inflammation and
opsonization, respectively.
For the coagulation system, the previous studies on cyclostomes identified the PT
and fibrinogen genes and proteins (71, 72), indicating that the final step of blood
clotting has been conserved throughout the vertebrate evolution. However, it was still
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not clear how the activation and regulation steps of blood coagulation evolved. The
puffer fish genome contained most orthologs of the mammalian coagulation factor
genes, except for the FXI, FXII and prekallikrein genes, all involved in the
contact-activation pathway (55, 57), whereas the asicidian genome completely lacked
orthologs of the mammalian coagulation factor genes. Neither FXI, FXII and
prekallikrein cDNAs nor the FIX cDNA were found in the present lamprey EST analysis,
suggesting that the entire contact-activation pathway is missing in lamprey. Therefore,
this EST analysis of L. japonicum indicates that the tissue-factor pathway involving
FVII, FX, and tissue-factor is the only activating system of the primitive blood
coagulation system of cyclostomes (Fig. 3-6B), consistent with the recent result of
genomic analysis of P. marinus (58).
This lamprey liver EST analysis indicated that both the complement and coagulation
systems of cyclostomes lack some families with characteristic domain architecture such
as complement TCC, coagulation prekallikrein/FXI, and FXII, as summarized in Figure
2-1. Since the prekallikrein/FXI family and FXII are also missing from the puffer fish
genome, they were probably established in the tetrapod lineage. In addition to
establishment of new families, the complement and coagulation systems of jawed
vertebrates were augmented via gene duplication. In this respect, the complement and
coagulation systems show a sharp contrast. Whereas all gene duplications in the
complement system recognized in the mammalian genome occurred in the jawed
vertebrate lineage, the coagulation FVII/FX/PC/PT gene duplication occurred prior to
the divergence of cyclostomes and jawed vertebrates. However, the C3/C4, fB/C2 and
MASP-1/MASP-2/C1r/C1s gene duplications, which contributed to the establishment of
the complement classical pathway, and the FV/FVIII and FIX/FX gene duplications,
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which contributed to the establishment of the coagulation contact-activation pathway,
seem to have occurred almost simultaneously at an early stage of jawed vertebrate
evolution, possibly connected with the postulated whole-genome duplication events (8).
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Fig. 3-1. Complement and coagulation gene families with characteristic domain structure found
in human, bony fish, lamprey and ascidian. Domain structures of the mammalian complement
and coagulation gene families are schematically presented at the left side. The presence (+)/
absence (-) of the complement genes (50), and coagulation genes of teleost (55, 57), lamprey (58,
76) and ascidian (55) is presented at the right side. The presence of possible orthologs whose
domain structures are either only partially elucidated or imperfect compared to that of human is
indicated by ‘+?’. Abbreviations of domain names are shown in the legend for Fig. 1-2 (p. 11).
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Fig. 3-2. Alignment of the amino acid sequence of lamprey complement genes with those of
representative vertebrate species. Names and boundaries (slash) of the domains are shown above the
alignment. Numbers on the right side indicate the amino acid residue number of the rightmost residues.
The abbreviations of the domain names are shown in the legend to Fig. 1-2 (p. 11). (A) Alignment of
fIs. Three amino acid residues which form the catalytic triad of serine proteases (*), Asp residue
located at the bottom of the S1-pocket ($), Cys residues involved in the inter-chain linkage (#), post
translational processing site to generate light and heavy chains (%), and Cys residues in the LDL-a
domain (c) are indicated. Aligned sequences are; Hu_fI (human fI), Mo_FI (mouse fI), Ch_fI (chicken
fI), Fr_fI (frog fI), Ca_fI (carp fI), Sh_fI (shark fI), and La_fI (lamprey fI), which were used for the
phylogenetic tree construction in Figure 3-3A. (B) Alignment of C3s. Alpha/beta processing site,
activation cleavage site, fI cleavage sites, thioester site, catalytic His, and alpha/gamma processing site
are boxed. Conserved Cys residues in the C3a anaphylatoxin region are marked (*), and the disulfide
bridge between the alpha/beta chains are shown by lines. Putative signal peptide is underlined. (C)
Alignment of fBs. The canonical and jawed vertebrate fB/C2-specific activation cleavage sites are
boxed. Conserved Cys residues in the CCP domain (*), Mg2+ binding site residues (#), catalytic triad
residues (%), and Asp residue at the bottom of the S1 pocket of SP domain ($) are marked. Two
disulfide bonds, one possibly linking the two chains generated by the canonical cleavage site, and the
other unique to the jawed vertebrate fB/C2, are shown by lines.
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Fig. 3-2A.
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Fig. 3-2B.
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Fig. 3-2B. (Continued)
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Fig. 3-2C.
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Fig. 3-3. Phylogenetic trees of the complement genes with characteristic domain
architecture. The NJ tree is shown, and the consensus internal branches reproduced in
the MP and ML trees are marked by the bootstrap percentages in boldface. Accession
numbers of each entry are listed in Table 1-1 (p. 14). (A) Phylogenetic tree of fI. (B)
Phylogenetic tree of C3, C4 and C5. (C) Phylogenetic tree of fB and C2.
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Fig. 3-4. Alignment of the VK-dependent serine proteases amino acid sequences. Four
lamprey (La) and five human (77) sequences were aligned. Names and boundaries
(slash) of the domains are shown above for FVII, FIX, FX, and PC or below for PT the
alignment. Numbers in the right side indicate the amino acid residue number of the right
most residue. Three amino acid residues forming the catalytic triad of the serine
proteases (*), two Cys residues conserved within this family and known to be involved
in the inter-chain linkage in FVII, FX and PC (#), Asp residue located at the bottom of
the S1-pocket ($), Cys residues conserved in the EGF domain (c), and positions of
carboxylated Glu residues (γ) are indicated. Post-transcriptional processing and
activation cleavage sites for the human components are indicated by the arrows, and
activation peptides are underlined. The abbreviations of the domain names are shown in
the legend to Fig. 1-2 (p. 11).
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Fig. 3-4.
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FIX, FX and PC. (B) Phylogenetic tree of PT.
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mammalian complement systems, although there is still no direct experimental evidence.
(B) Putative reaction network of the coagulation system of lamprey. The proteolytic
cascade was speculated based on the deduced structural features of the lamprey factors.
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Supplementary Fig. 3-1. Phylogenetic trees of the complement genes with
characteristic domain architecture, using the maximum parsimony (MP) or Maximum
likelihood (ML) methods. Sequences used were same as Fig. 3-3A~C.
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Supplementary Fig. 3-1. (continued)
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Supplementary Fig. 3-1. (continued)
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Supplementary Fig. 3-2. Phylogenetic trees of the coagulation genes with
characteristic domain architecture, using the maximum parsimony (MP) or maximum
likelihood (ML) methods. Sequences used were same as Fig. 3-5A, B.
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Supplementary Fig. 3-2. (continued)
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Part III.

Evolutionary origin of the C6 family: Molecular cloning and
comparative analysis of the C6 gene of
cartilaginous fish shark
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Abstract
The terminal components of the mammalian complement system (TCCs), C6, C7, C8A,
C8B, and C9, are a group of serum proteins which are involved in the cytolytic killing
of the microbial pathogens. The mammalian TCCs share a unique domain structure
established by the exon shuffling, and are believed to be diverged by the gene
duplications and subsequent deletions of the N- and C- terminal domains. Both the
proteins and genes for all the five TCCs have been identified from teleost fish. In
contrast, in shark, a cartilaginous fish, only the presence of the multi-step complement
cytolytic pathway and the C8A gene have been reported. Recent genomic search in
invertebrate ascidian and amphioxus also detected multiple C6-like genes. However,
they lack the FIM and CCP domains, which are found in the C-terminus of mammalian
C6 and C7 and are involved in the interaction with the other complement components,
casting a doubt for their involvement in the complement system. Here, I report the
molecular cloning of the C6 gene from a shark, Mustelus manazo, predicting exactly the
same domain structure as mammalian C6, by the degenerate RT-PCR and RACE. The
result suggested that one of the most crucial step in the establishment of the cytolytic
complement pathway, addition of the FIM and CCP domains to the primitive TCC, have
occurred in the early stage of the jawed vertebrate evolution before the divergence of
cartilaginous fish. In additions, taken together with the presence of the C8A gene in
shark, current isolation of the shark C6 genes suggested that the duplication and
functional divergence within the TCC families have already completed in the early
jawed vertebrates.
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Introduction
The mammalian complement system comprises five mosaic protein families
established by the exon shuffling and gene duplication/functional diversifications, the
complement component 3 (C3), factor B (fB), mannan-binding protein-associated serine
protease (MASP), factor I (fI), and terminal complement component (TCC) families
(TCC family was called as ‘C6 family’ in Part I and II for simplicity) (50). Five
members of the mammalian TCC families, C6, C7, C8A, C8B, and C9, are plasma
proteins involved in the cytolytic activity of the complement system, which is
conventionally used for the detection of plasma complement activity. Activation of the
complement system through three parallel proteolytic cascades finally leads to the
proteolytic activation of C5, which triggers the cytolytic pathway. Activated C5 (C5b)
interact with C6 to form the C5b-6 complex possibly through the interaction between
the C345c domain of C5 and the FIM (or CCP) domain of C6 at their respective
C-terminus ends (37). Subsequent binding of C7 to the C5b-6 complex increases its
binding affinity to the lipid bilayer. Then, C8 binds to the C5b-7 complex to further
anchor this trimeric complex onto the membrane surface. Finally, using the C5b-8
complex as a scaffold, C9 polymerize to form the channel-like pore called membrane
attack complex (MAC) on the lipid bilayer. MAC formation induces the destruction of
microbes and blood cells by increasing their membrane permeability. Within the TCC
family, C6 possesses the longest domain structure comprising ten domains: the
thrombospondin type 1 repeats (TSP)/TSP/low-density lipoprotein receptor domain
class

A (LDLa)/MAC

and

perforin

(MACPF)/epidermal

growth

factor-like

(EGF)/TSP/complement control protein (CCP)/CCP/ factor I and MAC (FIM)/FIM
domains. Other TCCs are believed to be derived from C6 by the gene duplications and
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subsequent step-by-step deletions of the N- or C-terminus domains (Fig. 1-2), because
the ‘random’ introns, which are not positioned at the domain boundary, were mostly
conserved among the five human TCCs and C. intestinalis TCC genes (78, 79). The
CCP and FIM domains, which are possibly involved in the linkage between the
complement activation and TCC-driven cytolysis, were only found in C6 and C7.
In the phylogenetic aspect, orthologues to the five mammalian TCC genes were
found in some teleost fishes. In additions, C5 and five TCC proteins, which have ability
to form MAC and induce the hemolysis of sheep and rabbit erythrocytes, were also
isolated from rainbow trout (80, 81). In sharks, the presence of the cytolytic
complement system and its functional separation into several steps were reported in
1981 by Jensen et al. (82). In additions, the membrane lesions formed by shark serum
similar to mammalian MAC on the sensitized sheep erythrocytes was observed by
electron microscopy. However, the components involved in the MAC formation in shark
were still to be clarified except for C8A, whose cDNA was isolated from shark,
Ginglymostoma cirratum (unpublished data by Smith et al.). In invertebrates, multiple
TCC genes with close phylogenetic relationship to mammalian C6 were found in the
draft genome data of urochordate ascidian and cephalochordate amphioxus (14-16).
However, all of these invertebrate TCC genes lack both the CCP and FIM domains,
casting a doubt for their functional homology to mammalian C6, suggesting that the
complement system of invertebrates is devoid of the cytolytic pathway.
Here,

I

performed

the

RT-PCR

using

the

consensus-degenerate

hybrid

oligonucleotide primers to obtain the TCC genes from cartilaginous fishes shark and
chimaera, jawless fish lamprey, and urochordate ascidians to elucidate the evolutionally
origin of the cytolytic complement pathway comprising TCCs with the FIM and CCP
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domains. The complete protein coding sequence of the shark C6 gene was identified,
and the comparative analysis using the identified shark C6 gene and primitive TCC
genes found in invertebrate genomes was performed to reveal the early evolutionary
history of the TCC family.
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Materials and Methods
Degenerate RT-PCR for the TCC genes using RNA from shark, chimaera, lamprey,
and ascidian
RNA was purified from the liver of shark (Mustelus manazo), chimaera (Chimaera
phantasma), and lamprey (Lethenteron japonicum), or the hepatopancreas or blood cells
of ascidians (Halocynthia roretzi and Ciona intestinalis), by the guanidine thiocyanate
method (60). cDNA used as a PCR template was synthesized from 1 µg each of total
RNA. Consensus-degenerate hybrid oligonucleotide primers for the amplification of the
TCC genes were designed based on the amino acid alignment of the TCC genes of
various

animals

so

far

identified.

The

forward

primers

were

C6f1

(5'

TGYAAYGGNGAYRAYGAYTG 3', corresponds to the amino acid sequence
CNGD(D/N)DC) and C6f2 (5' TGYAAYGGNGAYWAYGAYTGY 3', correspond to the
amino acid sequence CNGD(Y/N)DC), and reverse primer was C6r1 (5'
TARAARTGNGTNCCRAARTC 3', correspond to the amino acid sequence
DFGTHFY). Amplification was performed by the following parameter: denaturing, for
94°C for 1 min, annealing, 42, 44, or 46°C for 30 sec, extension, 72°C for 1min, 30 to
40 cycles. The band of expected size of around 640 bp was gel-purified and subcloned
into the pCR2.1-TOPO vector (Invitrogen). For each band, more than twelve clones
were sequenced.

Cloning of the complete cDNA of the shark C6 gene by rapid amplification of cDNA
ends (RACE)
Based on the obtained partial sequence (588 bp) for the putative M. manazo C6 gene,
gene specific primers and nested gene specific primers were designed to amplify the 5'
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and 3' ends of the cDNA, respectively. RACE-PCR was performed using the liver RNA
and the SMART RACE cDNA amplification kit (Clontech).

Domain prediction and phylogenetic analysis
Domain

structures

were

predicted

using

the

SMART

program

(http://smart.embl-heidelberg.de/). Multiple alignment of the amino acid sequences was
performed by ClustalX software (32), using the TCC genes of various animals so far
reported. Phylogenetic trees were constructed using the full length information of this
alignment, based on the neighbor-joining (NJ) method (33) using MEGA4, excluding
gaps by pair-wise deletion (34). Pairwise genetic distances were obtained by poisson
correction. The reliability for internal branches was assessed by the 1,000 bootstrap
replicates.
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Results
Degenerate RT-PCR for the TCC gene using RNA from shark, chimaera, lamprey,
and ascidian
RT-PCR using the consensus-degenerate hybrid oligonucleotide primers designed
based on the highly conserved amino acid sequences of the TCC genes amplified one
each TCC sequence from two species of cartilaginous fishes, M. manazo and C.
phantasma, respectively. These partial TCC sequences were grouped with the vertebrate
C6 and C8B genes by the highest bootstrap percentage, respectively, in the tentative tree
using the deduced amino acid sequences (Fig. 4-1A). In lamprey, the same RT-PCR
gave multiple bands, but no TCC-like sequence was detected from them. This result is
consistent with the complete absence of the TCC genes in the liver ESTs of L.
japonicum and draft genome data of another species of lamprey, Petromyzon marinus
(see Part II). In ascidians, only one TCC sequence was amplified in H. roretzi, whereas
nine TCC sequences were obtained in C. intestinalis, which showed one-to-one
correspondence to the nine of eleven TCC genes predicted from the genome data (15).

Cloning and comparative analysis of shark C6 gene
Nucleotide sequence of M. manazo C6 gene which was determined by the 5' and 3'
RACE-PCR was 3,047 bp, and encoded 939 amino acids (Fig. 4-2). The deduced amino
acid sequence of M. manazo C6 had 45%, 25%, 17%, 17%, and 13% of amino acid
identity with C6, C7, C8A, C8B, and C9 genes of human, respectively. The domain
structure of M. manazo C6 predicted by SMART program, the TSP/TSP/LDLa/
MACPF/EGF/TSP/CCP/CCP/FIM/FIM domains, was completely the same with that of
vertebrate C6s (Fig. 4-2). The complete protein coding sequence of the only TCC gene
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isolated from ascidian H. roretzi was also determined by the RACE and cDNA library
screening, and predicted only the LDLa/MACPF/EGF domains (data not shown). The
TSP domains at the N- and C-terminus, which were also found in the TCC genes of
amphioxus, were completely missing from the H. roretzi TCC. The C-terminus TSP
domain was also absent in all the TCC genes of another ascidian species belonging to
another order, C. intestinalis, indicating that the deletion of this domain occurred in the
common ancestor of ascidians. Deletions of the N-terminus TSP domains in the H.
roretzi TCC is expected to have occurred after the divergence of these two orders of
ascidians.
Phylogenetic tree constructed using the full length amino acid information of the
shark C6 gave basically the same topology to that constructed using the partial
sequences (Fig. 4-1B). Vertebrate C6/C7/C8A/C8B/C9 formed a clade supported by
100% of bootstrap percentage, and invertebrate C. intestinalis and amphioxus TCC
formed another clade supported by 66% of bootstrap percentage. As was the case in Fig.
4-1A, M. manazo C6 was located within the vertebrate C6 clade supported with 100%
of bootstrap percentage. In contrast, close phylogenetic relationship between the
vertebrate C6 and invertebrate C6-like gene was observed only when the phylogenetic
tree was constructed including the limited number of invertebrate genes (data not
shown). Because the bootstrap percentages supporting these grouping were not high
(~50%), the invertebrate TCCs were expected to be diverged before the
duplication/functional divergence of the C6/C7/C8A/C8B/C9 genes. Within the
invertebrate TCC clade, amphioxus TCCs form one clade and C. intestinalis TCCs form
two clades. One of two clades of the C. intestinalis TCCs clustered with the amphioxus
TCC clade supported by 96% of bootstrap value, indicating that these genes are
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descended from one gene and diverged by the lineage-specific duplications. Evidences
for the tandem gene duplications, as shown by the tandem location of genes on the same
scaffold, were found for almost all the TCC genes of C. Intestinalis within both clades
(unpublished data by Yoshizaki F), but not found for the amphioxus TCC genes (data
not shown). The H. roretzi TCC grouped with neither invertebrate TCCs nor vertebrate
TCCs. Taken together with the lack of TSP domain and gene duplication products and
the presence of the putative transmembrane region at the C-terminus, the H. roretzi TCC
is expected to be a diverged member of the TCC family.
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Discussion
TCC gene which completely conserved the unique domain structure of mammalian C6
was identified for the first time in cartilaginous fish, shark. In contrast, TCC gene was
completely absent from the two species of lamprey which were used for the current and
previous comprehensive analyses. Since TCC-like genes were found in amphioxus and
ascidians, these results indicate the secondary loss of the TCC genes in jawless
vertebrates. Therefore, current result indicates that one of the most crucial steps in the
establishment of the cytolytic complement pathway, addition of the FIM and CCP
domains to the primitive TCC similar to the invertebrate C6-like molecules, was
completed in the early step of the jawed vertebrate evolution before the divergence of
cartilaginous fish. Supporting this conclusion, hemolytic activity against rabbit blood
cells, which is dependent on the Mg2+ ion and C5, was also detected in the plasma from
several species of sharks (unpublished data by Nagumo H). In contrast, the hemolytic
activity of lamprey plasma was demonstrated to be independent on the complement
activation (73), and that of ascidian body fluid was too weak to be compared with that
of the mammalian complement system (unpublished data by Miyazawa S and Kimura
A). On the other hands, the origin of genes with the TCC-like domain structure is traced
back before the divergence of Cephalochordate from the Chordate lineage. Although
multiple MACPF domain-containing genes were also found in the draft genome data of
sea urchin (83, 84), protostomes (50), and sea anemone (Part I), they lack additional
domains found in the vertebrate C6 and C7. Therefore, it is concluded that the domain
structure of the amphioxus C6-like genes, the TSP/TSP/LDLa/MACPF/EGF/TSP
domains, reflect the common ancestral evolutionary state of the chordate TCC genes,
and the ascidian and vertebrate TCCs experienced different arrangement of the N- and
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C-terminus domains in each lineage. Within the five complement gene families, such
trial-and-error modifications of the domain structure is observed only in the TCC
families, and the unique domain structure of the C3, fB, and MASP families was
perfectly conserved from cnidarian to mammals except for the invertebrate fBs, as was
discussed in Part I.
In additions, taken together with the previous identification of the C8A gene in shark,
the closest phylogenetic relationships and highest amino acid identities between the
shark C6 and chimaera C8B genes and those of teleosts/mammals indicated that at least
two steps of the gene duplication/functional divergence within the TCC family have
occurred in the early jawed vertebrates before the divergence of cartilaginous fish. The
5' and 3' RACE of the chimaera C8B gene is now in progress for more detailed analysis
using the full coding sequence information. In contrast, multiple TCC genes in
invertebrate ascidian C. intestinalis and amphioxus is concluded to be diverged before
the divergence of the C6/C7/C8A/C8B/C9 genes. They seemed to have experienced the
lineage-specific duplications, indicating the advantage of multiple TCC genes,
irrespective of the complement system.
In conclusion, current finding of shark C6 and chimaera C8B genes provides the first
nucleotide-level evidence for the emergence and duplications/functional divergences of
the TCCs as a potential effecter arm of the complement system in the early jawed
vertebrate before the emergence of cartilaginous fish, more than 400 million years ago.
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Fig. 4-1. Phylogenetic trees of the C6 family. Trees were constructed based on the
alignment of the full length amino acid sequences of C6 family, using the NJ method
excluding gaps by pair-wise deletion. Phylogenetic trees including (A) and not
including (B) the partial sequence of shark C8B gene were shown. Bootstrap
percentages are given. Accession numbers of each entry are listed in Table 1-1 (p. 14).

100

C7 Human
C7 Wild bore
100
C7 Chicken
C7 Frog
100
100
C7-1 Trout
C7 Flounder
C7-2 Trout
98
C7 Zebrafish
99
100
C9 Human
91
C9 Hourse
C9 Frog
C9 Trout
100
C9 Flounder
100
C9 Fugu
100
C8A Shark
C8A Trout
98
100
C8A Fugu
100
C8A Zebrafish
C8A Frog
43
C8A Chicken
83
C8A Human
86
C8A Rabbit
100
C6 Trout
100
C6 Zebrafish
C6 Shark
100
C6 Human
100
84
C6 Mouse
C6 Chicken
100
C6 Frog
53
90
C8B Fugu
100
C8B Flounder
C8B Trout
C8B Chimaera
100
C8B Frog
68
C8B Human
78
C8B Chicken
74
100
TCC-4A Ciin
Ascidian (C. Intestinalis)
TCC-4B Ciin
C6-like (2)
TCC-4C Ciin
100
TCC-1 Brfl
100
TCC Brbe
Amphioxus
TCC-2 Brfl
C6-like
TCC-3 Brfl
TCC-4 Brfl
100
99
TCC-5 Brfl
TCC-2A Ciin
100
100
TCC-2B Ciin
Ascidian (C. Intestinalis)
TCC-1 Ciin
C6-like (1)
TCC-3A Ciin
100
TCC-3B Ciin
TCC-5A Ciin
TCC-5B Ciin
100
TCC-5C Ciin
94
TCC Haro
96

61

39

68

93

99

87

71

97

100
50

100

0.2

Fig. 4-1A.

101

C7 Human
C7 Wild bore
100
C7 Chicken
100
C7 Frog
100
C7-1 Trout
C7 Flounder
C7-2 Trout
98
99
C7 Zebrafish
C9 Human
100
91
C9 Hourse
C9 Frog
C9 Trout
100
C9
Flounder
100
100
C9 Fugu
C8B Fugu
90
100
C8B Flounder
100
C8B Trout
C8B Frog
100
C8B Human
79
C8B Chicken
C8A Shark
C8A Trout
99
100
C8A
Fugu
100
C8A Zebrafish
C8A Frog
44
C8A Chicken
85
C8A
Human
89
C8A Rabbit
100
100
C6 Trout
C6 Zebrafish
C6 Shark
100
C6 Human
100
84
C6 Mouse
100
C6 Chicken
54
C6 Frog
TCC-4A Ciin
100
Ascidian (C. Intestinalis)
TCC-4B Ciin
C6-like (2)
TCC-4C Ciin
TCC-1 Brfl
Amphioxus
100
100
TCC Brbe
C6-like
TCC-2 Brfl
TCC-3 Brfl
TCC-4 Brfl
100
TCC-5 Brfl
100
TCC-2A Ciin
100
100
TCC-2B Ciin
TCC-1 Ciin
Ascidian (C. Intestinalis)
100
TCC-3A Ciin
C6-like (1)
TCC-3B Ciin
TCC-5A Ciin
TCC-5B Ciin
100
95
TCC-5C Ciin
TCC Haro
100

96

66

46

83
100

99

86

66

96

100
52

0.2

Fig. 4-1B.

102

Fig. 4-2. Amino acid alignment of the shark C6 and human C6 family components. Names and
boundaries of domains are shown above the sequences. Abbreviations of the domain names are indicated
in the legend of Fig.1-2 (P.11).
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Conclusions
The current study indicated that the evolutionary origin of the complement system,
which is composed of at least three components, C3, fB and MASP, is very ancient,
dating back to a common ancestor of Eumetazoa before the divergence of Cnidaria and
Bilateria. Since none of the five complement gene families was found in the genome of
porifera and choanofllagelata, the complement system seems to be unique to
eumetazoan animals, having tissues and cavity separated from environment. The
primary structure of the three complement genes was highly conserved from cnidarian
to mannmal, indicating the astonishing universality of the basic machinery of the
complement activation cascades throughout the eumetazoan evolution. In additions, the
comprehensive

genomic

analysis

performed

in

deuterostome

invertebrates,

cepharochrdate and urochordate, indicated that the basic compositions of the
complement system, comprised of C3, fB, and MASP, has been conserved for long time.
In contrast, frequent ‘complete losses’ of these complement genes were also observed in
many invertebrates (e.g. protostome: Drosophila melanogaster and Caenorhabditis
elegans, cnidarian: Hydra magnipapillata). These results indicated that the complement
system was in the transition period during the invertebrate evolution, waiting for the
next stage of evolution which has occurred in the primitive vertebrate.
In situ hybridization of the cnidarian complement genes provide some crues for the
functions of the primitive complement system of two germ-layered animals.
Endodermal-tissue specific expression of the cnidarian complement genes suggested
that the coelenteron, primitive gut cavity with putative circulatory function, is a main
site of action for the primitive complement system.
The ‘second stage’ evolution leading to the modern complement system of
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mammals seems to have occurred in the primitive vertebrate. First, the fI appeared
before the divergence of the cyclostomes and jawed vertebrates, and then, the C6 family
appeared before the divergence of the cartilaginous fish and bony fish. Just after the
appearance of all the five complement gene families, the gene duplication/functional
divergence within each family might have occurred in the primitive vertebrate before
the divergence of cartilaginous fish. As a result, two potential equipments were added to
the complement system of jawed vertebrates: the antibody-dependent activation
pathway, and the cytolytic pathway. Thus the duplication of complement genes seems to
have occurred simultaneously with the emergence of antigen recognition molecules of
adaptive immune system (immunoglobulin, MHC class I and II molecules, and T-cell
receptor), suggesting the presence of a common underlying genetic events. This ‘second
stage’ evolution of the complement system might have converted the primitive system
into more sophisticated and potential reaction network, which is closely related to the
other immune defense systems. Once established, the sophisticated complement system
with three parallel activation cascades have become a universal defense system for all
the higher vertebrates including mammals.
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