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Abstract

To shed light on diversification of the genus Acropora (Scleractinia, Cnidaria), one of
the most widespread, abundant, and species-rich genera of hard corals (113-180
species), | searched for fertilisation-related genes in a model coral, Acropora millepora,
and examined variations in these genes among Acropora species. First, by focusing on
the ADAM-integrin interaction, which is involved in sperm—egg binding and membrane
fusion in mammals, 15 ADAM-integrin interactions related to candidate genes obtained
from an expressed sequence tag (EST) database of A. millepora were screened using
hierarchical strategies (gene structures, gene expression patterns, fertilisation inhibition
experiments). However, no evidence was found that these genes, other than integrin
betacnl, are involved in Acropora fertilisation. To identify fast-evolving genes from
Acropora species as fertilisation candidates, | then performed direct comparative
sequence analysis with EST datasets from two acroporid species: A. millepora and A.
palmata from the Caribbean Sea. Comparison of selected 849 independent genes from
the A. palmata EST database (4,017 ESTs) to 10,232 ESTs from A. millepora resulted
in the identification of 513 putative homologues. Within 163 homologous pairs in which
dN and dS were examined, 93 homologous pairs had dN/dS ratios significantly <1,
which suggests that these genes are under selection pressure associated with functional
constraints. Six independent genes showed dN/dS ratios >1, and two of these had a
significant deviation from one, suggesting that they are fast-evolving genes. It was

unclear whether these fast-evolving genes are involved in fertilisation. Finally,



variations of integrin betacnl, which is involved in coral fertilisation, were compared
among some Acropora species. Interestingly, comparison of integrin betacnl sequences
demonstrated that there are some mutations around the DxSxS motif, and two
combinations of eight different clones showed significant possibilities of positive
selection. However, it is unclear whether these variations are related to Acropora
speciation. The next step is to characterise proteins making molecular complexes with
integrin betacnl or fast-evolving genes, and to compare these amino acid sequences

among Acropora species.
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Chapter 1. General introduction

1.1. Reproductive systems of corals

Many reef-building corals participate in synchronous mass spawning events (Babcock
et al. 1986; Harrison et al. 1984; Hayashibara et al. 1993), which represent opportunities
for hybridisation among different species. In Acropora (Scleractinia, Cnidaria), which
dominates coral reefs in the Indo-Pacific and is one of the most widespread, abundant,
and species-rich (113-180 species) genera of corals (Veron 2000; Wallace 1999), in vitro
cross-fertilisation experiments (Willis et al. 1997; Hatta et al. 1999), molecular data
demonstrating allele sharing between species (Odorico and Miller 1997; Hatta et al.
1999; van Oppen et al. 2000, 2001, 2002; Vollmer and Palumbi 2002), and karyotyping
(Kenyon 1997) support the hypothesis that natural hybridisation is likely to have played
a major role during evolution. Interspecific hybridisation has been documented in other
corals such as Montipora (Willis et al. 1997), Madracis (Diekmann et al. 2001),
Platygyra (Miller and Babcock 1997; Miller and Benzie 1997; Willis et al. 1997), and
the Montastraea annularis complex (Szmant et al. 1997), and appears to have been a
major factor in the evolutionary success of Acropora (Willis et al. 2006). These results

correspond to the reticulate evolution hypothesis for corals postulated by Veron (1995).

However, the overall significance of interspecific hybridisation for coral evolution
remains contentious. Vollmer and Palumbi (2002) disputed the reticulation hypothesis,

essentially arguing that hybridisation is an evolutionary dead end, with no long-term



evolutionary potential. In addition, the application of population genetic approaches
(Marquez et al. 2002a, b) has demonstrated that while hybridisation is significant on
evolutionary time scales, it occurs only rarely on ecological time scales even between
species such as A. hyacinthus and A. cytherea, which are highly cross-fertile in in vitro
trials (mean = 50%; Willis et al. 1997), occur in sympatry, and spawn synchronously.
This implies that substantial, albeit incomplete, prezygotic barriers exist to hybridisation
between coral species, although the nature of these isolating mechanisms and the
molecular basis of gamete interactions remain unknown. One approach to answer these
questions in Acropora is to unravel the fertilisation mechanism at the molecular level.
However, our current knowledge of this area is very limited. In some animals
(Vertebrata, Mollusca, Echinodermata), several molecules mediating fertilisation have

been already identified.

1.2. The molecular basis of fertilisation in mammals

Mammalian fertilisation has been the subject of intense investigation, and a number of
proteins mediating sperm—egg binding and membrane fusion have been identified
(Evans 2002; Kaji and Kudo 2004; Snell and White 1996; Vacquier 1998). In mammals,
fertilisation can be broadly divided into three stages: sperm attraction, penetrating the
zona pellucida (ZP; a large extracellular matrix), and sperm—egg binding and membrane
fusion at the egg plasma membrane (microvillar region; Figure 1.1). After sperm
attraction, sperm bind to the ZP surrounding the egg, and the acrosome reaction follows.

The acrosome reaction is an essential step for sperm to fertilise most animals (Dan



1967). In the mouse, the acrosome reaction is induced by ZP3 (a ZP glycoprotein), and
sperm binding to ZP3 activates calcium ion channels, which triggers the exocytosis of
the acrosomal vesicle (Vacquier 1998). Enzymes released from the acrosome of the
sperm allow it to penetrate the ZP. After penetrating the ZP, the sperm can enter the

perivitelline space. Sperm then bind to and fuse with the egg plasma membrane.

During the process of sperm—egg binding and membrane fusion in the mouse, sperm
ligands belonging to the A Disintegrin and Metalloprotease (ADAM) family and
integrins, which act as ADAM receptors on the egg plasma membrane, may be critical
(Figure 1.2). In a classic series of experiments, Almeida et al. (1995) showed that
integrin alpha6betal likely plays a critical role on the egg side in the gamete interaction
in the mouse, the likely ligand on the sperm side alphabelonging to the ADAM family.
Candidate ADAM molecules in this context are ADAM1 (fertilin alpha), ADAM2
(fertilin beta), and ADAM3 (cyritestin; Evans 2002). ADAM1, ADAM2, or ADAM3
fusion proteins can bind to the mouse egg plasma membrane and inhibit fertilisation

(Bigler et al. 2000; Eto et al. 2002; Evans et al. 1997a, b; Takahashi et al. 2001).

One tetraspanin, CD9, is essential for sperm—egg membrane fusion in the mouse and
acts as an integrin co-factor (Kaji et al. 2000; Le Naour et al. 2000; Miyado et al. 2000).
A major feature of tetraspanins is that they can be associated with other proteins,
including integrins, and form a network of multimolecular complexes (tetraspanin web;

Boucheix and Rubinstein 2001). CD9 and other tetraspanins (CD63, CD81, CD151) can



interact with integrin alpha6betal (Boucheix and Rubinstein 2001; Miyado et al. 2000).
Thus, not only CD9 but also CD63, CD81, and CD151 may be involved in fertilisation
as members of the tetraspanin web. Ziyyat et al. (2006) recently reported that a
monoclonal antibody against CD151 partially inhibited sperm—egg membrane fusion in
humans. CD81 involvement in sperm—egg membrane fusion of the mouse has also been

reported (Takahashi et al. 2001; Rubinstein et al. 2005).

In summary, ADAM-integrin interactions (ADAM, integrin, tetraspanin) are thought to
provide an essential molecular complex in mammalian fertilisation. Despite some
discrepancies between results obtained using antibodies or fusion proteins and results
based on knockout mice (He et al. 2003; Miller et al. 2000), the evidence supporting
roles for ADAM-—integrin interactions during sperm—egg binding and membrane fusion
is compelling (Almeida et al. 1995; Ziyyat et al. 2006). Other molecules involved in
fertilisation of mammals, epididymal protein DE (sperm side; Cuasnicu et al. 1984) and
glycosylphosphatidylinositol (GPI)-anchored protein (egg side; Alfieri et al. 2003), are
related to sperm—egg membrane fusion in the rat and mouse. 1zumo, a member of the
immunoglobulin superfamily protein (sperm side), is an essential molecule for
sperm—egg membrane fusion in the mouse and in humans (Inoue et al. 2004). However,
the relationship between these molecules and ADAM-integrin interactions remains

unknown.



1.3. The molecular basis of fertilisation in marine invertebrates

Many marine organisms, including corals, release their gametes into the water column,
where fertilisation occurs. Before fertilisation, the sperm acrosome reaction must be
induced. In starfish, egg jelly components, ARIS, Co-ARIS and asterosap, are involved
in the sperm acrosome reaction (Hoshi et al. 1999). In the sea urchin, fucose sulphate
polymer (FSP) of egg jelly induces the acrosome reaction (Vacquier and Moy 1997),
and sperm receptors for egg jelly components (SuREJs) have been characterised
(Galindo et al. 2004). The eggs of invertebrates are surrounded by a vitelline envelope
(VE), the outer layer of the egg (Evans 2000), and sperm must penetrate this envelope
after the acrosome reaction. In ascidian, sperm have a chymotrypsin-like protease which
is thought to be used for the sperm penetration of the VE (Saitoh et al. 1993). In the VE
of ascidian, HrVVC70 is a sperm receptor (Sawada et al. 2002), and this molecule is also
an allorecognition one because self-sterile mature oocytes become self-fertile ones after
the release of the HrVVC70 was induced from the VE (Sawada et al. 2004). In abalone,
the sperm protein lysin interacts with a VE receptor for lysin in the VE (VERL; Galindo
et al. 2002), and solubilises the VE by non-enzymatic means and a species-specific
manner (reviewed by Kresge et al. 2001; Lyon and Vacquier 1999; Swanson and
Vacquier 1997). After penetration of the VE in abalone, an 18-kDa protein, which is
secreted by the sperm during the acrosome reaction, is thought to mediate sperm-egg
membrane fusion (Swanson and Vacquier 1995). In the sea urchin, fertilisation is
mediated in a species-specific manner by the sperm protein bindin and a glycoprotein

receptor for bindin on the egg surface (Glabe and Vacquier 1977, 1978). Although the



receptor for bindin had not been identified because of difficulties in purification, the VE
receptor for bindin, EBR1 (a novel ADAMTS protein), has recently been characterised
(Kamei and Glabe 2003). Bindin is also thought to be involved in sperm—egg membrane
fusion in the sea urchin (Ulrich et al. 1998). As reviewed above, lysin and bindin play
analogous roles on the sperm side for gamete interactions, but these proteins are likely
to have independently evolved in different animal groups (Vacquier 1998). Therefore, it
is unlikely that strict homologues of these proteins fulfil analogous roles in other

animals.

1.4. The molecular basis of fertilisation in corals
As described above, the molecular bases of fertilisation in some animals have been
clarified, but that of corals still remains unclear. The difficulty to examine the molecular
basis of fertilisation is because fertilisation related molecules may be subject to
convergent evolution and the different proteins have independently evolved in different
animals (Vacquier 1998). For example, the homologs of lysin in abalone and bindin in
sea urchin have not been identified in other taxa. However, it is likely to be
hypothesised that ADAM-integrin interactions, known to occur during sperm-egg
binding and membrane fusion in mammals, may play analogous roles in the
sclelactinican coral Acropora. This hypothesis is based on the following data:
(1) The absence of an egg outer layer corresponding to the ZP, including the
mammalian ZP proteins, or to the VE, including the VERL and bindin receptors of

molluscs and echinoderms (Harrison and Wallace 1990).



(2) The presence of integrin betacnl (discovered by Brower et al. 1997) mRNA in
unfertilised A. millepora eggs.

(3) The ability of antibodies raised against integrin betacnl to inhibit both sperm-egg
binding and fertilisation in A. millepora (Iguchi et al. 2007; Marquez 2002).

(4) ZP deleted eggs in mammals show polyspermy (Yanagimachi 1988). This means
that ADAM-integrin interactions have comparatively low levels of species

specificity and may contribute to the ease of hybridisation in corals.

Considering these data, it is hypothesised that ADAM-integrin interactions may
underlie fertilisation in Acropora. Justifications for extrapolating across such a great
evolutionary distance include the remarkable similarity between the anthozoan and
vertebrate gene repertoires (Kortschak et al. 2003; Kusserow et al. 2004; Technau et al.
2005) and striking parallels in patterns of expression of some genes (reviewed by Ball et
al. 2004). Thus, characterising the ADAM-integrin interaction-related genes (ADAM,
integrin, tetraspanin) in Acropora may shed light on the molecular basis of fertilisation

in corals.

1.5. Fast-evolving genes in fertilisation

An important characteristic of genes with roles in fertilisation is that of rapid divergence
driven by positive selection (Swanson and Vacquier 2002). Positive selection can be
inferred from the number of nonsynonymous substitutions per nonsynonymous site

(amino acid replacement changes; dN) significantly exceeding the number of



synonymous substitutions per synonymous site (silent changes; dS), which implies that
amino acid changes are highly accumulated (so-called *“fast-evolving genes”). Abalone
lysin and sea urchin bindin are typical examples of fast-evolving genes (Lee et al. 1995;
Metz and Palumbi 1996). Recently, to detect positive selection, a more sensitive method
based on maximum likelihood analysis has also been established (Yang et al. 2000).
With this new method, Swanson et al. (2003) suggested that positive selection is
pervasive in mammalian fertilisation proteins. Also, in ADAM-integrin interaction-
related genes, ADAM and CD9 were shown to be subject to positive selection (Civetta
2003; Glassey and Civetta 2004; Swanson et al. 2003). Thus, it is possible to look for
genes with potential for fertilisation by focusing on high rates of evolutionary change in

the candidate genes.

1.6. Role of fertilisation-related genes in the Acropora speciation process

Although Acropora is a highly diversified coral genus (113-180 species: Wallace 1999;
Veron 2000), a cause for this diversification may be related to a change in the gamete
recognition system, because it is difficult to explain such diversification in
synchronously spawning animals by only postulating geographic isolation, such as a
change in water currents. As described above, Willis et al. (1997) and Hatta et al. (1999)
showed that hybridisation in Acropora is possible by performing in vitro cross-fertile
experiments. On the other hand, they also clarified several cases of low fertilisation
rates among some Acropora species that spawn synchronously. This suggests that

species-specificity in the gamete recognition system among some Acropora species



must exist, because the in vitro cross-fertilisation experiment was performed in
conditions suitable for the sperm to definitely encounter the eggs. Therefore, it seems
that some variations in fertilisation-related genes may exist among Acropora species. In
fact, in abalone and sea urchins, extensive amino acid substitutions have been found in
fertilisation-related genes (e.g. lysin, bindin) among closely-related species, leading to
reproductive isolation between them (Lee et al. 1995; Metz and Palumbi 1996). In
addition, it has been proposed that speciation would have been caused by a change in
fertilisation-related genes (Galindo et al. 2003; Lee et al. 1995; Swanson and Vacquier
2002). By examining variations in fertilisation-related genes of Acropora, it should be

possible to clarify the reproductive isolation and speciation mechanism.

In summary, | proposed to investigate candidate genes for fertilisation using both
functional (fertilisation inhibition experiments) and structural (fast-evolving genes)
approaches. Characterising genes involved in fertilisation of Acropora and comparing
the gene sequences among Acropora species may provide new insights into the
molecular mechanisms underlying the rapid and extensive evolutionary diversification

of this important coral genus.

1.7. Aim of this study
As described above, it is expected that ADAM—integrin interactions are responsible for
fertilisation in Acropora. The first aim of this study was to clarify the molecular basis of

fertilisation in A. millepora based on the ADAM-integrin interaction hypothesis. For



this, 14 objective genes were selected from an expressed sequence tag (EST) database
of A. millepora (Kortschak et al. 2003) as candidates for roles in ADAM-integrin
interactions (ADAM, integrin, tetraspanin). The nucleotide and amino acid sequences of
these genes were determined and their structures were analysed (Chapter 2). Second, the
gene expression patterns of six candidates were examined, based on the results of
Chapter 2, to determine which genes are involved in the fertilisation of A. millepora
(Chapter 3). Third, fusion proteins and antibodies of three candidates selected in
Chapter 3 were made, and fertilisation inhibition experiments were performed to
examine whether these genes are involved in the sperm—egg interaction in A. millepora

(Chapter 4).

| also searched for genes with potential roles in fertilisation by focusing on fast-
evolving genes (Chapter 5), because positive selection is widely observed in
fertilisation-related genes (Swanson and Vacquier 2002; Swanson et al. 2003). To
pursue this aim, two EST datasets from A. millepora and A. palmata (Kortschak et al.
2003; Schwarz et al. 2005) were used. It was then necessary to judge whether
fertilisation-related candidates are associated with the speciation process in Acropora
(Chapter 6). For this, the sequences of candidates selected in Chapters 4 and 5 were
compared. Finally, all results are summarised and concluding remarks are made in

Chapter 7.
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Figure 1.1. Schematic view of main steps in fertilisation.
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Table 1.1. List of fertilisation related molecules.

Animal Molecules Sites
Mammals ZP3 Sperm
Mammals ADAM1 Sperm
Mammals ADAM?2 Sperm
Mammals ADAM3 Sperm
Mammals DE Sperm
Mammals lzumo Sperm
Mammals integrin alpha6 Egg
Mammals integrin betal Egg
Mammals CD9 Egg
Mammals CD81 Egg
Mammals CD151 Egg
Mammals GPI-anchored protein Egg

Starfish ARIS Egg

Starfish Co-ARIS Egg

Starfish asterosap Egg
Ascidian Chemotrypsin-like protease ~ Sperm
Ascidian HrvC70 Egg
Abalone lysin Sperm
Abalone 18-kDa protein Sperm
Abalone VERL Egg
Sea urchin bindin Sperm
Sea urchin SUREJs Egg

Sea urchin glycoprotein receptor for bindin  Egg
Sea urchin EBR1 Egg




Chapter 2. Structures of the ADAM-integrin interaction-
related genes (ADAM, integrin, tetraspanin) of Acropora

millepora

2.1. Introduction

This chapter focuses on ADAM-integrin interaction-related genes (ADAM, integrin,
tetraspanin) to search for genes with potential roles in the fertilisation of Acropora
millepora. Fifteen target genes are introduced (Table 2.1), which may be related to the
ADAM-integrin interaction and play important roles in the fertilisation of A. millepora.
Six ADAM-like genes, three integrin-like genes, and five tetraspanin-like genes were
found in an expressed sequence tag (EST) database (Kortschak et al. 2003), and were
named AmADAM1-6, Amintegrin alphal, alpha2, beta2, and AmTetraspaninl-5.
Integrin betacnl (discovered by Brower et al. 1997) is also a target gene. These gene
structures were analysed using bioinformatic methods (BLAST, alignment, phylogenetic
analysis, conserved domain searches, SOSUI analysis). Based on the information gained,
the potential roles in the fertilisation of A. millepora of these genes constitute the

discussion in this chapter.

2.2. Materials and Methods
Cloning of ADAM-integrin interaction-related genes from Acropora millepora
Fourteen putative ADAM-integrin interaction-related genes from an EST database of A.

millepora (constructed from cDNA libraries of early stage embryos and an adult colony)
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were selected (Table 2.1). Clones were obtained from soaked Whatman papers and
recovered from the Whatman papers as inserts in pBluescript SK (-) (Stratagene).
Sequencing was performed with gene- and vector-specific primers through

MACROGEN (Korea).

cDNA library screening

To gain full length fragments of the 5' flanking region-deficient gene (AmMADAM4,
Amintegrin alphal), cDNA library screening was performed. The cDNA library used
was constructed from adult coral branches with the Lamda ZAP system (Stratagene). A
radiolabelled probe was made by PCR amplification with EST cDNA clones as
templates, and the probe was used to screen phage libraries using standard methods
(Sambrook et al. 1992). Positive clones were recovered as inserts in Bluescriptll SK(-)

plasmids and grown in XL1-Blue MRF’ cells.

Homology, conserved domain searches, and SOSUI analysis

To search for the highest homology of the target genes and to check for the existence of
N-terminal methionine, BLAST analysis was performed based on the nucleotide
sequences of the target genes. Domains of target genes were identified using the NCBI
conserved domain search service
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). To infer the TM and EC

domains of AmTetraspanins, the *SOSUI’ program (Hirokawa et al. 1998) was used.
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Alignment and phylogenetic analysis
Multiple sequence alignments were generated using Clustal W (Thompson et al. 1994),
and then shaded (black: identity; grey: conservative substitutions) using BOXSHADE

3.21 (http://www.ch.embnet.org/software/BOX form.html). A maximum likelihood tree

was produced using MolPhy version 2.3 (Adachi and Hasegawa 1996) and the Dayhoff

substitution matrix with the local rearrangement search mode.

2.3. Results and Discussion

Gene structure of AMADAM1-6

From the EST database of A. millepora, six ADAM-like genes (AmMADAM1-6; Table
2.1) were found. BLAST analysis with sequences of EST cDNA clones found that¥some
AmMADANMs lacked the anterior part of the open reading frame (ORF). To isolate the
full-length AMADAM4 cDNA clone, A. millepora cDNA library screening was carried
out. Approximately 50,000 plaques were screened, and five clones were positive. The
phagemid containing AmMADAM4 cDNA was isolated by in vivo excision. However, it
was not possible to confirm the existence of the N-terminal methionine of AMADAM4
from the new cDNA clone. Finally, full-length sequences of AmMADAM?2 and 3 and

partial length sequences of AMADAML, 4, 5, and 6 were determined.

Based on these nucleotide sequences, BLAST analysis was performed. The highest
homology of each gene is listed in Table 2.1. With the exception of AMADAMS, all

AmADAMs belong to the ADAM-TS family. ADAM contains some characteristic
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domains (Figure 2.1), and the disintegrin domain is important as a ligand for the
integrin receptor (Wolfsberg et al. 1995). Therefore, an attempt was made to search for
the disintegrin domain of each AMADAM. TSP domains were found in all AmMADAMs,
other than AMADAMS, using an NCBI conserved domain search (Figure 2.1), but it
was not possible to confirm the existence of the disintegrin domain in these AMADAMSs
belonging to the ADAM-TS family. In addition, there are no reports that some genes
belonging to the ADAM-TS family are involved in fertilisation in mammals, although
Kamei and Glabe (2003) reported a novel ADAMTS protein, EBR1, characterised as a
receptor for bindin in the sea urchin. This protein is a component of the vitelline
envelope of the egg. Coral eggs lack the VE (Harrison and Wallace 1990); thus it is
unlikely that AmMADAMSs belonging to the ADAM-TS family are involved in coral

fertilisation.

On the other hand, AMADAMS included the disintegrin domain, and it is similar to
mouse ADAM10 according to BLAST analysis. Eto et al. (2002) suggested that the
RX6DLPEF motif in the disintegrin domain of the ADAM family is important as a
ligand for the integrin receptor, but mouse ADAM10 and AmMADAMS3 do not have this
motif. Although it is unknown whether ADAM10 is related to fertilisation in mammals,
it is impossible to judge only from the structure whether AMADAMS3 is involved in

fertilisation of corals.
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Gene structure of Amintegrin alphal, alpha2, and beta2

Three integrin-like genes (Amintegrin alphal, alpha2, beta2; Table 2.1) were found in
the EST database of A. millepora. BLAST analysis with the sequence of the EST clone
of Amlntegrin alphal indicated that this clone lacks the anterior part of the ORF. To
isolate the full-length Amlintegrin alphal cDNA clone, an A. millepora cDNA library
screening was done. Approximately 100,000 plaques were screened, and nine clones
were positive. The phagemid containing Amintegrin alphal cDNA was isolated by in
vivo excision, and successful library screening of Amlintegrin alphal confirmed the
existence of the N-terminal methionine. Full length sequences of Amintegrin alphal,
alpha2, and beta2 were determined. Based on these nucleotide sequences, BLAST
analysis was performed. The highest homology for each gene is listed in Table 2.1.
Amintegrin alphal is similar to mouse integrin alpha9. Comparison of Amintegrin
alphal to other relatives demonstrated some characteristics common to ! integrins: FG-
GAP repeats, cation-binding sites, and a trans-membrane region are highly conserved
(Figure 2.2). Amintegrin alphal contains three DxD/NxD/NxxxD motifs used for cation
binding (Tuckwell et al. 1992). The KxGFFKR motif in the cytoplasmic region is
completely conserved in Amintegrin alphal. After determining the full sequence of
Amintegrin alpha EST clones, BLAST analysis was performed based on the nucleotide
sequences. Contrary to expectations, Amintegrin alphal was not similar to any integrin

but was similar to Hydra collagen-like protein.

In Amlintegrin beta2, major features of integrin beta (signal sequence, putative | domain,
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cysteine-rich stalk, transmembrane region, and cytoplasmic domains) are highly
conserved (Figure 2.3). The DxSxS motif in the MIDAS domain used for cation binding
(Tozer et al. 1996) is completely conserved, whereas the DDL motif, which is
implicated in binding to RGD peptides (Pasqualini et al. 1995), is changed into EDL
(Figure 2.2). The existence of 56 cysteines is a major characteristic of most beta
integrins (Brower et al. 1997); however, Amintegrin beta2 contains only 54 cysteines,
which is similar to jellyfish integrin beta (Reber-Muller et al. 2001). BLAST analysis
also confirmed that Amintegrin beta2 is highly similar to jellyfish integrin beta. Reber-
Muller et al. (2001) reported low-amino acid identity between jellyfish integrin beta and
integrin betacnl, even though they are homologous. However, the present results
demonstrate that Amintegrin beta2 is a clear homologue of jellyfish integrin beta. This

means that at least two beta integrins exist in basal cnidarians.

Considering the BLAST results for Amintegrins, AmlIntegrin alphal can be selected as a
fertilisation candidate for A. millepora because this gene is similar to mouse integrin
alpha9, which has been suggested to be related to fertilisation (Eto et al. 2002). On the
other hand, whether Amlintegrin beta2 is involved in fertilisation is unclear, although
another beta integrin (integrin betacnl) has already been shown to be involved in

fertilisation (Iguchi et al. 2007; Marquez 2002).

Gene structures of AmTetraspaninl-5

From the EST database of A. millepora, five tetraspanin-like genes (AmTetraspaninl-5;
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Table 2.1) were recovered. BLAST analysis with the sequences of the EST clones of
AmTetraspaninl-5 confirmed the existence of N-terminal methionine in all five clones.
Therefore, full length AmTetraspaninl-5 sequences were determined. The ORFs of
AmTetraspaninl-5 comprise 241, 242, 228, 236, and 279 amino acids, respectively.
Four TM domains and EC1 and EC2 loops were confirmed in all AmTetraspanins,
except for AmTetraspanin3. AmTetraspanin3 lacks the fourth TM domain and the EC2
loop (Table 2.2). Alignment of the AmTetraspanins and other representatives was
performed (Figure 2.4). In the EC2 region, the CCG motif, which is highly
characteristic for tetraspanins (Hemler 2005), is absolutely conserved in all
AmTetraspanins and other representatives, and three other cysteine residues that
contribute to two crucial disulphide bonds within the EC2 region (Seigneuret et al.
2001) are also conserved, except for AmTetraspanin3 and human TM4SF13 (Figure 2.4).
These data support the proposal that AmTetraspanins, other than AmTetraspanin3, are
bona fide tetraspanins. AmTetraspanin3 and human TMSF13 should be termed

“Tetraspanin-like’ genes.

Based on full sequences of AmTetraspanins, BLAST analysis was performed. The
highest homology for each gene is listed in Table 2.1. In addition, a phylogenetic tree of
the AmTetraspanins and their relatives (Figure 2.5) was built. Some AmTetraspanin-like
sequences were obtained from Nematostella vectensis and Hydra magnipapilla from a
local comparative genomics analysis platform (http://www.compagen.org), and these

were added to the phylogenetic analysis. Putative homologues of AmTetraspanin 1, 3,
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and 4 of H. magnipapilla were not added in this analysis because of the lack of anterior
sequences for these genes. Each cluster basically reflects the results of BLAST analysis,
except for the CD151 group. The CD63 group (cd63_frog, AmTet4, AmTet4-like_nv)
and the CD151 group (cd151 mouse, AmTetl, AmTetl-like_nv, AmTet2, AmTet2-
like_nv, AmTet2-like_hm) are closely related. The monophyly of the CD63 group is
highly supported, whereas that of the CD151 group is ambiguous. Huang et al. (2005)
were unable to judge whether a cnidarian CD151-like molecule from H. magnipapillata
is an orthologue of CD63 or CD151, because this gene shares 40% identity with frog
CD151 based on BLAST, but is clustered with vertebrate CD63 in phylogenetic analysis.

This may be because of a very close relationship between the CD63 and CD151 groups.

Considering the results of BLAST and phylogenetic analysis of AmTetraspanins,
AmTetraspaninl, 2, and 4 may be involved in the fertilisation of A. millepora because
these homologous genes, CD63 and CD151, can interact with fertilisation-related
integrins (alpha6betal; Almeida et al. 1995) in mammals (Boucheix and Rubinstein
2001). In addition, Ziyyat et al. (2006) recently reported that a monoclonal antibody
against CD151 partially inhibited sperm—-egg fusion in humans, although the role of

CD63 in fertilisation remains unknown.

In summary, AMADAM3, Amintegrin alphal, and AmTetraspanin 1, 2, and 4 were
determined as potential candidate genes involved in the fertilisation of A. millepora,

based on their structural data. Chapter 3 focuses on gene expression patterns of these
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genes to examine whether they are expressed and play roles in the fertilisation of A.

millepora.
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Figure 2.1. (A) and (B) Schematic representation of ADAM and ADAM-TS,
respectively. (C) Results of the NCBI conserved domain search of AmMADAMS.
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Figure 2.2. Multiple sequence alignment of Acropora millepora integrin alpha (Amltgal) with representative integrin alpha amino
acid sequences from fly (ItgaPS2, accession no. P12080), human (ltgaV, accession no. Q6QAF3), nematode (ltgaPat2, accession no.
P34446), jellyfish (Pcltga, accession no. Q9GSF4), and mouse (Mmltga9, accession no. Q91YD5). The seven conserved FG-GAP
repeats are shown by black lines. Squares indicate cation binding motifs (DXxD/NXxD/NxxxD). The 18 cysteine residues in the
extracellular domain are numbered. Putative cleavage site (RRRR) of Amltgal is shown by asterisks. The predicted transmembrane
domain is underlined with double lines. The highly conserved consensus motif KxGFFKR is shown by circles.
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Figure 2.2. Continued.
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