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Abstract

Analysis of the human MASP-1/3 gene, which encodes two proteases of the lectin-triggered
complement cascade, has revealed alternatively used serine-protease-encoding regions for the gene’s
two protein products. Phylogenetic studies indicate that one arose by retrotransposition early in
vertebrate evolution, supporting the idea that the lectin branch of the complement cascade arose

earlier than the ‘classical’ pathway.

The mammalian complement system, as one of the major
constituents of innate immunity, plays a pivotal role in
defending the body against pathogenic microorganisms. It
has more than 30 components, organized into three major
pathways: the ‘classical’ pathway, triggered by antibodies;
the ‘lectin’ pathway, triggered by engagement of mannan-
binding protein; and the ‘alternative’ pathway, triggered
directly by pathogens (see Table 1). Of the 30 complement
components, about one-fourth are serine proteases that are
important for the activation or regulation of the whole
system. Among these, Cir and Cis of the classical pathway
and the MASPs (mannan-binding-protein-associated serine
proteases) of the lectin pathway are crucial for starting the
proteolytic activation cascades of their respective pathways.
These components constitute a serine-protease family of the
chymotrypsin type but characterized by a unique modular
structure (Figure 1) [1-3].

Initial structural analysis of the Cis gene revealed a surpris-
ing exon-intron organization, in which the serine-protease
domain is encoded by a single uninterrupted exon, although
there are several introns throughout the remainder of the
gene (Figure 1) [4]. Intronless genes or pseudogenes,
thought to be generated by retrotransposition, are not rare,
but it was curious to imagine that retrotransposition could
have led to the removal of introns from only one part of the
gene. Later, the C1r and MASP-2 genes were shown to have
essentially the same exon-intron organization as the Cis

gene; surprisingly, though, MASP-1 proved to have introns
within its serine-protease-encoding region (Figure 1) [5].

The recent identification of MASP-3 [3] provided an expla-
nation of how this situation might have arisen. A new intron-
less serine-protease-encoding region was found in the
MASP-1 gene, upstream of the MASP-1 serine-protease-
encoding region. Furthermore, the two serine-protease-
encoding regions were differentially selected by alternative
splicing to generate MASP-1 and MASP-3, which differ only
in their serine protease domains (Figure 1); the gene encod-
ing them was therefore renamed MASP-1/3. In addition to
the absence of introns, the upstream protease domain has
characteristics that distinguish it from most of the chy-
motrypsin-like serine-protease family: it lacks the disulfide
bond that is believed to stabilize the structure around the
active-site histidine (the histidine loop), and its active-site

Table |

A summary of the three branches of the complement activation
pathway

Classical pathway Lectin pathway  Alternative pathway

Triggering  Antigen-antibody Mannan-binding  Pathogen (directly)

factor complexes lectin
Proteases Clr, Clsand C2 MASP-1, MASP-2  Factor D and
involved and MASP-3 Factor B
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Figure |

The domain structure and gene organization of the MASP/CIr/Cls serine protease family. The first line shows the domain structure of an archetypical
member of the family; the central three lines are representations of the exon-intron organization of the genes encoding the family members. The MASP-/
gene was recently found to contain another serine-protease-encoding region within it, encoding MASP-3, and was therefore renamed MASP-1/3. The
bottom line shows the alternative splicing pattern of MASP-1 and MASP-3. Corresponding domains and the exons encoding them are shown in the same
color. Abbreviations: CUB, Clr/Cls, sea urchin Uegf, bone morphogenetic protein domain; EGF-like, similar to epidermal growth factor; SCR, short

consensus repeat.

serine is encoded by the unusual AGY codon, instead of the
more common TCN codon. These characteristics are all con-
served in MASP-2, Cir, and Cis - we refer to this type of
domain as ‘MASP-3-like’ - whereas MASP-1, which uses the
downstream serine-protease-encoding region of the MASP-
1/3 gene, has a more ‘typical’ serine-protease domain. These
data provide us with a hypothesis to explain the evolutionary
history of this gene family, as depicted in Figure 2. The
ancestral gene, viewed here as MASP-1-type gene, had a clas-
sical serine-protease-encoding region interrupted by several
introns (Figure 2, top). Then, the second MASP-3-like
serine-protease-encoding region was inserted by retrotrans-
position upstream of the original serine-protease-encoding
region, generating a MASP-1/3-type gene. After gene dupli-
cation, one of the duplicates lost the downstream serine-pro-
tease-encoding region, resulting in a gene of the MASP-2
type. Finally, further gene duplications generated the Cir
and C1s genes (Figure 2, bottom), resulting in the four genes
found in the human.

The order of appearance of the MASP-2, Cir and Cis genes
during evolution is not obvious from their gene structure
alone, but there are other indications as to which came first.

The phylogenetic relationships among these genes are such
that C1r and Cis are closest to each other, and the genomic
organization is such that only Cir and Cis are closely linked
in a tail-to-tail orientation [6], supporting a scenario in
which Cir and Cis were the last to be generated, with the
final evolutionary step being an in situ duplication. This sce-
nario gives further support to the generally accepted idea
that the lectin pathway, in which the MASPs operate, pre-
dated the classical pathway, which relies on Cir and Cis.

So, our next question is when and how these steps actually
occurred during the evolution of deuterostomes (the branch
of animals that includes echinoderms, hemichordates and
chordates). To date, we do not have enough data to answer
this question definitively. Nevertheless, accumulating obser-
vations from our group and others about the complement
system of lower vertebrates and invertebrates seem to
provide some indications. The two MASP genes identified
from an ascidian, Halocynthia roretzi, are MASP-1-like [7]
and lack the intronless serine-protease-encoding region
(Y. Endo, M.N. and T. Fujita, unpublished observations),
while the lamprey MASP gene seems to be MASP-1/3-like
[8]. Retrotransposition of the MASP-3-like serine-protease
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Figure 2

A proposal for the evolution of the MASP-1/3, MASP-2, Clr and Cls genes. Colors are as in Figure |. The top line represents the ascidian gene and the
bottom lines the human genes. The intermediate lines illustrate hypothetical intermediate species. Although two MASP genes have been reported from
ascidians, they are considered to be products of a recent gene duplication in the ascidian lineage, not corresponding to the gene duplications in the

vertebrate lineage.

domain therefore most probably occurred in the main line of
vertebrate evolution after the divergence of urochordates
(ascidians), but before the divergence of cyclostomes
(jawless vertebrates such as the lamprey and hagfish). Fur-
thermore, the serine-protease domain of the Halocynthia
roretzi complement factor B gene (encoding a protease of
the alternative pathway; see Table 1) is MASP-3-like (X. Ji,

M. Sasaki and M.N., unpublished observations), except that
it is interrupted by introns. All genes that have a MASP-3-
like serine-protease domain may therefore prove to be on a
single evolutionary lineage, as of all the known human
chymotrypsin-family protease genes, only the Cir, Cis,
MASP-1/3 and MASP-2 genes encode a MASP-3-like domain
[9]. Thus, it is possible that ascidian factor B was the donor
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gene, which was the source of the MASP-3-like domain
acquired by MASP-1/3 through retrotransposition. The pres-
ence of the classical complement pathway in bony and carti-
laginous fish has been demonstrated at the functional level
[10,11], and cDNA clones for Cis/Cir have been reported in
bony fish [12]. Thus, all the steps illustrated for the verte-
brate pathway in Figure 2 seem to have been completed
before the emergence of jawed vertebrates.

The primitive complement system

As discussed here, the complement system seems to have a
more ancient origin in evolution than adaptive immunity;
the latter seems to have been established only from jawed
vertebrates onwards. The central component of the comple-
ment system, the C3 protein on which the three activation
pathways discussed here converge, has been identified in
jawless vertebrates, the lamprey [13] and hagfish [14], as
well as in deuterostome invertebrates, amphioxus (a
cephalochordate) [15], ascidian (urochordate) [16] and sea
urchin (echinoderm) [17]. Although C3- or complement-like
molecules of insects show functional similarity with
deuterostome C3, there is no shared derived structural char-
acter between them, indicating that the deuterostome C3
and insect C3-like molecules derived independently from
their common ancestor, a2-macroglobulin. Thus, the
authentic complement system seems to have been estab-
lished in the deuterostome lineage; the classical pathway of
complement activation was then acquired in the jawed verte-
brate lineage, at the time adaptive immunity arose.

In contrast to the classical pathway, which uses
immunoglobulins - the central components of adaptive
immunity - as recognition molecules, the primitive comple-
ment system that emerged before adaptive immunity must
have depended on innate recognition molecules. In this
context, it is noteworthy that the human lectin pathway uses
lectins - mannan-binding protein (MBP) [18] and ficolin [19]
- as the molecules that recognize pathogen and trigger the
pathway. These molecules share a collagen-like amino-
terminal region believed to be involved in MASP binding,
although their carboxy-terminal recognition domains are
different - the C-type lectin domain and the fibrinogen
domain, respectively. For ascidians, ficolin [20], MBP-like
lectin [21] and a novel lectin termed GBL [22] have been
described as the possible recognition molecules of the prim-
itive complement system. No functional information is
available for the first two of these, however, and GBL lacks
the collagen domain, the common structure shared by MBP
and the classical pathway factor C1q of vertebrates that pro-
vides the binding site for MASP, Cir and Cis. We believe
that further analysis of the complement system of ascidians,
in which the complexity of linkage to adaptive immunity
can be eliminated, will bring us important insights into
the as-yet mysterious mechanisms of the lectin pathway
in mammals.

In addition to C3, MASPs and lectins, factor B has also been
identified from ascidian (X. Ji, M. Sasaki and M.N., unpub-
lished observations) and also from sea urchin [23]. Factor B
is a key component of the mammalian alternative pathway,
where it acts as a catalytic subunit of the alternative path-
way’s C3 convertase enzyme. Thus, the lectin and alternative
pathways, recognized as independent pathways in the mam-
malian complement system, might in fact represent two
parts of a single ancient pathway. Perhaps the lectin pathway
has a recognition function and the alternative pathway an
amplification function in the primitive complement system.
Further analyses of the activation mechanisms of the lectin
pathway in both mammals and more primitive animals will
reveal how the complement system arose and how it has
been built upon during evolution, in the constant war
between hosts and pathogens.
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