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Abstract. The mammalian immune system has cyto-
toxic mechanisms, both cellular and humoral, that de-
stroy the membrane integrity of target cells. The main
effector molecules of these cytolytic mechanisms—
perforin, used by killer lymphocytes, and the membrane
attack complex (MAC) components of the complement
system—share a unique module called the MAC/perforin
module. Until now, both immunological cytotoxicity and
the MAC/perforin module have been reported only in
jawed vertebrates. Here, we report the identification of a
protein containing the MAC/perforin module from the
invertebrate cephalochordate, amphioxus (Branchios-
toma belcheri), using expressed sequence tag (EST)
analysis of the notochord. The deduced amino acid se-
quence of this molecule is most similar to the primary
structure of human complement component C6 and is
designated AmphiC6. AmphiC6 shares a unique modular
structure, including the MAC/perforin module, with hu-
man C6 and other MAC components. Another EST clone
predicts the presence of a thioester-containing protein
with the closest structural similarity to vertebrate C3
(therefore designated AmphiC3). AmphiC3 retains most
of the functionally important residues of vertebrate C3
and is shown by phylogenetic analysis to be derived
directly from the common ancestor of vertebrate C3, C4,
and C5. Only opsonic activity has been assigned to the
invertebrate complement system until now. Therefore,

this is the first molecular evidence for complement-
mediated immunological cytotoxicity in invertebrates.
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Introduction

The mammalian immune system is equipped with both
cell-mediated and humoral cytotoxic mechanisms. Cell-
mediated cytotoxicity is mediated by cytotoxic T cells
and natural killer (NK) cells, and perforin acts as an
effector molecule (Lichtenheld et al. 1988; Shinkai et al.
1988). Upon activation of these cells, perforin stored in
their lytic granules is released and polymerizes to gen-
erate transmembrane pores in target cell membranes. Hu-
moral cytotoxicity is instigated by the assembly of the
terminal components of complement, leading to the for-
mation of a similar pore called the “membrane attack
complex” (MAC) (Plumb and Sodetz 1998). The
complement components involved in MAC formation
are C5, C6, C7, C8�–�, and C9, and several of these (C6,
C7, C8�, C8�, and C9) share a characteristic modular
structure that includes the MAC/perforin module, which
is also found in perforin. Therefore, all pivotal molecules
involved in immunological cytotoxicity seem to have
originated from a common ancestral molecule containing
the MAC/perforin module. These molecules have been
identified only in mammalian species so far, except for
the identification of MAC (Nonaka et al. 1981) and
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cDNA clones for C8 and C9 (Katagiri et al. 1999; Stan-
ley et al. 1985; Yeo et al. 1997) in bony fish. Therefore,
the evolutionary origins of the immunological cytotoxic
molecules are largely unknown. Recent progress in ge-
nome science has cast some light on the evolution of the
immunological cytotoxic molecules containing the
MAC/perforin module. There are only six copies of this
module in the human genome (Venter et al. 2001), indi-
cating that only perforin and the MAC components con-
tain this module. Moreover, there is no MAC/perforin
module in the Drosophila genome (Adams et al. 2000).
Therefore, this module seems to have been established in
the deuterostome lineage, although its presence in inver-
tebrate deuterostomes is yet to be demonstrated.

Two major parts of the vertebrate immune system,
adaptive immunity and innate immunity, have quite dif-
ferent evolutionary origins. The former originated in the
jawed vertebrate lineage, whereas the latter has been
traced back to the protostomes (Hoffmann et al. 1999).
Although the mammalian complement system is intrin-
sically involved in both innate and adaptive immunity,
accumulating evidence indicates that this system was es-
tablished as one of the major components of innate im-
munity in the deuterostome lineage, well before the
emergence of adaptive immunity (Nonaka 2001). The
central component C3 and/or its activating enzyme factor
B (Bf) have been identified in sea urchins (echinoderms)
(Al-Sharif et al. 1998; Smith et al. 1998), ascidians (uro-
chordates) (Nonaka et al. 1999), and lamprey (Nonaka
and Takahashi 1992; Nonaka et al. 1994) and hagfish
(Ishiguro et al. 1992) (both cyclostomes). In contrast, the
recently published Drosophila (Adams et al. 2000) and
Caenorhabditis elegans (C. elegans Sequencing Consor-
tium 1998) genomes do not contain identifiable C3 and
Bf homologues, suggesting that the complement system
is unique to the deuterostomes. The mammalian comple-
ment system has three activation pathways, referred to as
the classical, alternative, and lectin pathways, and one
cytolytic effector pathway that leads to membrane dam-
age (Volanakis 1998). All jawed vertebrates so far ana-
lyzed possess all four pathways, whereas only compo-
nents of the alternative and lectin pathways have been
identified in the apparently primitive complement sys-
tems of the sea urchin, ascidian, and cyclostomes
(Nonaka 2001). Therefore, the evolution of the comple-
ment system seems to involve an increase in the number
of components and activation pathways, probably via
gene duplications, with the emergence of jawed verte-
brates. Moreover, from a functional viewpoint, only op-
sonic activity that enhances phagocytosis has been iden-
tified in the ascidian and lamprey complement systems
(Nonaka et al. 1984, 1999). It is still unclear whether
these primitive complement systems also have cytolytic
activity.

Cephalochordata is classified as a subphylum of
Chordata, together with Urochordata and Vertebrata.

Chordata, Hemichordata, and Echinodermata are consid-
ered the only deuterostome phyla. Although the phylog-
eny of the deuterostomes is still in dispute, recent mo-
lecular data indicate that Vertebrata is monophyletic and
a sister clade of Cephalochordata. Urochordata is also
monophyletic and constitutes a sister group to Vertebrata
and Cephalochordata (Cameron et al. 2000; Wada and
Satoh 1994). The presence of myotomes in vertebrates
and cephalochordates and the presence of the tunic in the
urochordates further support this phylogenetic relation-
ship. Therefore, Cephalochordata occupies an important
position in the deuterostome phylogeny as the closest
relative to Vertebrata and provides a unique opportunity
to analyze the evolution of the vertebrate immune sys-
tem. However, there is still no report on the cephalochor-
date immune system at the protein or cDNA level.

Materials and Methods

Animals and cDNA Cloning. Adult amphioxus, Branchiostoma
belcheri, were collected near the National Research Institute of Aqua-
culture, Mie, Japan. Partial cDNA clones for possible complement
genes of amphioxus were originally derived from a B. belcheri noto-
chord cDNA library by EST analysis (Suzuki and Satoh 2000). Full-
length clones were isolated from the same Uni-ZAP XR library (Strata-
gene, La Jolla, CA) using the partial cDNAs as probes and were
converted into pBluescript SK(−) phagemids using a rapid excision kit
(Stratagene). The complete sequences of the inserts in these clones
were determined using a Big-Dye Terminator Cycle Sequencing Ready
Reaction kit and an ABI PRISM 377 DNA sequencer (Perkin Elmer,
Norwalk, CT). Each sequence was determined at least twice from both
strands.

Phylogenetic Analysis. The deduced amino acid sequences of the
amphioxus complement genes were aligned with the corresponding
sequences of various animals using the CLUSTAL W software
(Thompson et al. 1994). Based on this alignment, a phylogenetic tree
was constructed using the neighbor joining method (Saitou and Nei
1987).

Results

Identification of Two Possible Complement Component
Genes from Amphioxus. Expressed sequence tag (EST)
analysis of the amphioxus notochord (Suzuki and Satoh
2000) resulted in the identification of two possible
complement genes that, according to a BlastX homology
search, are most similar to vertebrate complement com-
ponents C6 and C3. The complete primary structures of
these proteins, designated AmphiC6 and AmphiC3, re-
spectively, were deduced from the nucleotide sequences
of full-length cDNA clones.

Structure of AmphiC6. One of two AmphiC6 EST
clones contained a full-length protein-coding region
within a 3.5-kb-long insert. The deduced complete pri-
mary structure of AmphiC6 predicts a characteristic
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module structure in its central portion (Figs. 1 and 2).
This module structure, reading from the N-terminal end,
comprises two TSP (thrombospondin type 1) modules,
one LDLRA (low-density lipoprotein-receptor class A)
module, one MAC/perforin (membrane attack complex/
perforin) module, one EGF (epidermal growth factor)
module, and one TSP module and is identical to the
six-N-terminal module structure of human C6 (DiScipio
and Hugli 1989; Haefliger et al. 1989) (Fig. 2). The four
C-terminal modules of human C6, two SCR (short con-
sensus repeats) and two FIM (factor I modules), are
missing from AmphiC6. Compared with the module
structures of human C8� (Rao et al. 1987) and C8�
(Haefliger et al. 1987; Howard et al. 1987), the central
module structure of AmphiC6 has one extra TSP module
at its N terminus. The module structure of other comple-
ment MAC components, C7 (DiScipio et al. 1988) and
C9 (Stanley et al. 1985), and perforin (Lichtenheld et al.
1988; Shinkai et al. 1988) are less similar to that of

AmphiC6 (Fig. 2). From the shared module structure, it
is apparent that AmphiC6 is evolutionarily related to
perforin and the MAC components of the mammalian
complement system.

For phylogenetic analysis, the amino acid sequences
of the TSP, LDLRA, MAC/perforin, and EGF modules
shared by AmphiC6 and the human MAC components
and the corresponding region of perforin were aligned
using the CLUSTAL W software. Part of this alignment,
corresponding to the entire MAC/perforin module, is
shown in Fig. 3. In the MAC/perforin module, AmphiC6
shares 36, 33, 30, 27, 25, and 27% amino acid identity
with human C6, C7, C8�, C8�, C9, and perforin, respec-
tively. Four cysteine residues in the MAC/perforin mod-
ule of AmphiC6 are perfectly conserved in all human
MAC components and perforin. The membrane-
interaction site identified in human C9 (Peitsch et al.
1990) is marked by a line over the alignment (Fig. 3).
The degree of sequence similarity between AmphiC6

Fig. 1. Nucleotide and deduced amino acid sequences of AmphiC6.
A putative leader sequence is shown in boldface and underlined. The
N-terminal ends of each module are indicated by arrows below the
amino acid sequence. The characteristic consecutive R residues (22–

28), consecutive P residues (30–36), and DAD/ETSPG repeats (835–
897) are shown in boldface. Also shown in bold are the polyadenylation
signal and the poly(A) tail at the 3� end.
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and the human MAC components and perforin is highest
in this region, implicating it in a membrane-interacting
function.

The phylogenetic tree based on this alignment of the
four modules was drawn using the neighbor-joining
method. As shown in Fig. 4A, AmphiC6 forms a cluster
with human C6, and this clustering is supported by a high
bootstrap value (97%). This result suggests that gene
duplications among the MAC components predated the
divergence of the cephalochordates from the vertebrates.
However, this is an unrooted tree and further studies,
which may include a search for C7, C8, or C9 genes in
amphioxus, are required to clarify this point. A phyloge-
netic tree constructed using only the MAC/perforin mod-
ule had the same topology (data not shown). In addition
to the central module structure, AmphiC6 has unique
sequences in its N- and C-terminal regions. These unique
sequences show no significant similarity to any known
sequence when analyzed by a BLAST search of Gen-
Bank. The N-terminal region is short and contains Arg
and Pro stretches. The C-terminal region is about 300
amino acid residues long and contains nine consecutive
repeats of the heptapeptide DAD/ETSPG (Fig. 1; bold-
face letters) at its C-terminal end.

Structure of AmphiC3. The predicted prepro-
AmphiC3 is 1792 amino acids long (Fig. 5) and shows
sequence homology with C3, C4, and C5 of other species
throughout its entire length. The amino acid sequence
identity is 29% with human C3 (de Bruijn and Fey 1985),
29% with human C4 (Belt et al. 1984), 26% with human
C5 (Haviland et al. 1991), and 25% with human �2-
macroglobulin (�2M) (Kan et al. 1985). There is a pos-
sible �–� processing site, and the typical thioester site
containing a catalytic His residue (Dodds et al. 1996).

The possible C3a region contains six Cys residues, per-
fectly conserved in vertebrate C3a, C4a, and C5a but not
conserved in the ascidian (Nonaka et al. 1999) or sea
urchin (Al-Sharif et al. 1998) C3 sequences. Further-
more, the C-terminal region of AmphiC3 shows the char-
acteristic distribution of eight cysteine residues that are
shared by all the C3, C4, and C5 sequences of vertebrates
and invertebrates so far determined, but are not found in
�2M, including the C. elegans and Drosophila thioester
proteins (C. elegans Sequencing Consortium 1998;
Lagueux et al. 2000). Therefore, AmphiC3 is identified
conclusively as a member of the C3/C4/C5 family, and
not as �2M. Phylogenetic analysis using the neighbor-
joining method with human �2M as an outgroup shows
AmphiC3 located outside the vertebrate C3, C4, and C5
cluster (Fig. 4B). This result strongly suggests that the
gene for AmphiC3 was derived directly from the com-
mon ancestor of the vertebrate C3, C4, and C5 genes and
that the gene duplications giving rise to the latter oc-
curred in the vertebrate lineage after the divergence of
Cephalochordata.

Discussion

This is the first report of an invertebrate gene encoding
the MAC/perforin module, suggesting an ancient origin
for the cytotoxic pore-forming mechanism that uses this
module. All other modules found in AmphiC6 (TSP,
LDLRA, and EGF) are present in the Drosophila or C.
elegans genomes, whereas the MAC/perforin module
does not occur in these protostome genomes (Venter et
al. 2001). Therefore, it is probable that the MAC/perforin
module arose in the deuterostome lineage and that the
TSP, LDLRA, and EGF modules were recruited to es-

Fig. 2. Module structures of AmphiC6, human MAC components, and perforin. Each module is shown by a different shading pattern, with its
name given at the bottom.
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tablish the ancestral immunological cytolytic gene. Am-
phiC6 shows a closer similarity in modular structure to
the vertebrate MAC components, especially C6, than to
vertebrate perforin. Although further searches are re-
quired in amphioxus for proteins containing the MAC/
perforin module, our results suggest that the comple-
ment-based cytotoxic mechanisms have a more ancient
evolutionary origin than the lymphocyte-based cytotoxic
mechanisms. Accumulating evidence indicates that adap-
tive immunity was established in the jawed vertebrate
lineage (Kasahara et al. 1997), whereas the complement
system is more ancient (Nonaka 2001). The present re-
sults give further support to this evolutionary scenario of
the immune system.

Recently, C3-like thioester-containing proteins (TEP)
have been reported in insects (Lagueux et al. 2000;
Levashina et al. 2001), suggesting a protostome origin
for the complement system. However, insect TEPs and
vertebrate C3, C4, and C5 share no derived structural
characteristics, indicating that they arose independently
from their common ancestor, �2M (Sottrup-Jensen et al.
1985). In contrast, authentic complement genes have
been identified in deuterostome invertebrates, such as sea
urchins and ascidians, indicating that the complement
system was established at an early stage of deuterostome
evolution (Nonaka 2001). Therefore, it is highly prob-
able that AmphiC3 and AmphiC6, and possibly addi-
tional components such as Bf and MASP, found in other

invertebrate deuterostomes, constitute a multicomponent
complement system in amphioxus. Another intriguing
possibility, however, is that AmphiC3 and AmphiC6 act
independently. In this context, it is worth noting that
there are unique sequences at the N and C termini of
AmphiC6. At the N terminus, the unique RRRRRRRA-
PPPPPPP sequence immediately follows a possible
leader sequence. The unique C-terminal sequence con-
tains nine consecutive repeats of the DAD/ETSPG motif.
A similar heptapeptide repeat is present in the C-terminal
region of the largest subunit of RNA polymerase II and
is a known phosphorylation site that is important for
transcriptional regulation (Uptain et al. 1997). Although
the functional significance of these unique sequences in
AmphiC6 is unknown, they may be involved in an acti-
vation process of AmphiC6. If this is the case, the acti-
vation mechanism for AmphiC6 is quite different from
that of the terminal pathway of the vertebrate comple-
ment system, even if AmphiC6 is a complement compo-
nent of amphioxus. The third possibility, that AmphiC6
has a novel function different from that of complement
terminal components or perforin, has not yet been ruled
out. Further studies of invertebrates are required, espe-
cially at the protein level, to clarify the original function
of the MAC/perforin-module-containing proteins.

The cDNA clones for AmphiC3 and AmphiC6 were
originally isolated from the notochord. However, a pre-
liminary in situ hybridization analysis indicates that both

>

Fig. 5. Nucleotide and deduced amino acid sequences of AmphiC3.
The nucleotide sequence of AmphiC3 is presented together with the
deduced amino acid sequence. The initiation methionine codon was
identified by comparison with vertebrate C3, and a putative leader
sequence is shown in boldface and underlined. The nucleotide and
amino acid numbers of the rightmost residues are shown for each lane.

The �–� processing site (amino acid residues 660–663), the thioester
site (1012–1016), and the His residue (1129) associated with the thioes-
ter are shown in boldface and underlined. Also shown in boldface and
underlined are six cysteine residues perfectly conserved in vertebrate
C3a, C4a, and C5a (683–719) and the conserved cysteine residues in
the C-terminal C3/C4/C5-specific region (1554–1790).

Fig. 4. Phylogenetic tree calculated from the sequences of MAC/
perforin module-containing proteins and C3 family proteins. A MAC/
perforin module-containing proteins. Only the four domains shared by
all mammalian MAC components and AmphiC6 (TSP, LDLRA, MAC/
P, and EGF) were used in the calculation. For perforin, which lacks the
TSP and LDLRA modules, the same number of amino acid residues

was used for comparison. B C3 family. The complete amino acid
sequences of C3, C4, and C5 of various animals were aligned using the
CLUSTAL W software, and a phylogenetic tree was constructed by the
neighbor joining method. Human �2-macroglobulin was used as the
outgroup. Numbers indicate the proportion of bootstrap replicates sup-
porting the given branching pattern.
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AmphiC3 and AmphiC6 are expressed mainly in the epi-
pharyngeal groove, which is located just below the no-
tochord (data not shown). Since no significant signal for
AmphiC3 and AmphiC6 was detected in the notochord,
the original EST clones probably originated from con-
tamination with mRNA from the epipharyngeal groove.
Although the function of the epipharyngeal groove is still
not clear, the present results imply a secretory function
for this organ. Again, this point is still to be tested at the
protein level.
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