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ABSTRACT
The ADAM (A Disintegrin And Metalloproteinase) family of multidomain cell
surface proteins has been shown to function in receptor-ligand processing, cell
adhesion, cell fusion, and intracellular signaling. Several events in sea urchin
embryogenesis involve proteolytic, adhesive, and fusogenic activities that could
potentially be mediated by ADAMs. Here we describe an ADAM expressed
during sea urchin development. Overlapping cDNA clones were used to
identify a 3069 bp open reading frame. The deduced SpADAM protein is 1023
amino acids long and includes a signal peptide, a pro-domain, a
metalloproteinase domain with a Zn-binding motif, a disintegrin domain, a
cysteine-rich domain containing a putative fusion peptide, a transmembrane
domain, and a proline-rich cytoplasmic domain. Phylogenetic analyses reveal
that SpADAM is most closely related to mammalian ADAMs 12 and 19, and
Xenopus ADAM 13. Southern blots indicate that SpADAM is a single copy gene
and an alternatively spliced variant is identified. We have made a polyclonal
antibody to a bacterially expressed fragment of the extracellular domain that
recognizes 95 kDa and 72 kDa proteins. RNA in situ hybridizations and
immunolocalizations show that SpADAM expression is dynamic throughout
embryonic and larval development. In mesenchyme blastulae, SpADAM
expression is highest in the vegetal plate, suggesting a potential role iﬁ

ingression of primary mesenchyme cells. During gastrulation, the highest levels



i
of SpADAM expression are seen in secondary mesenchyme cells (SMCs) as they
release from the lengthening archenteron. Since SMCs are capable of homotypic
fusion during this time, and SpADAM contains a putative fusogenic peptide,
SpADAM could be involved in SMC-SMC fusion. In plutei, SpADAM is
expressed in skeletogenic mesenchyme, muscle cells, pigment cells, and the
preoral neural ectoderm. Primary mesenchyme cells express SpADAM weakly
at ingression, and expression strengthens after syncytia are formed and skeletal
elements are being secreted. Micromeres cultured in media containing anti-
SpADAM antibodies or Fab fragments aggregate normally and form spicules
that are significantly longer than those in control cultures. We propose that
SpADAM functions in skeletal morphogenesis, possibly in the removal of
skeletal matrix. SpADAM has some of the properties of the types of molecules
hypothesized to regulate skeleton morphogenesis through ectoderm signaling.
SpADAM structure, expression, and function suggest that the group of meltrins
including SpADAM, ADAM 12, ADAM 13, and ADAM 19, are structurally and

functionally conserved in deuterostomes.
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CHAPTER 1
INTRODUCTION

Embryogenesis encompasses the morphological and physiological
changes that occur from fertilization of the egg through formation of a juvenile.
Changes in embryonic structure involve complex cellular behaviours, including
extracellular matrix (ECM) secretion and degradation, epithelial-mesenchymal
transformation, migration, intercellular adhesion and fusion, and skeleton
formation. The molecular mechanisms underlying these activities are
incompletely known. ADAMs (proteins containing A Disintegrin And
Metalloproteinase domain), a family of cell-surface molecules thought to serve
as integrin ligands, are expressed in vertebrate and invertebrate embryos. In
addition to adhesive domains, ADAMs also contain domains with potential
proteolytic, fusogenic, and intracellular signaling activities, suggesting they
might be involved in the complex morphogenic events occurring in embryos.
The objective of this research project was to identify an embryonic sea urchin

ADAM, and determine its expression and function.

1.1 ADAMs and Development

ADAMSs contain the following domains from amino to carboxy terminus:
signal peptide, pro-domain, metalloproteinase, disintegrin, cystéine—rich (with
putative fusogenic peptide), EGF-like, transmembrane, and cytoplasmic

domains (Yagami-Hiromasa et al., 1995; Gilpin et al., 1998). Proteolytic



processing may expose different N-terminal functional domains, resulting in
different activities for a given ADAM (Miller, 1995; Yagami-Hiromasa et al.,
1995). ADAM extracellular domains are very similar in amino acid sequence to
snake venom metalloproteinases (SVMPs), soluble proteins containing
metalloproteinase and disintegrin domains (Zhou et al., 1995; Wolfsberg and
White, 1996). The disintegrin domains of SVMPs, like ECM proteins such as
collagen and fibrinogen, contain RGD sequences. The SVMP disintegrin
domain binds to a platelet-surface fibrinogen receptor (an integrin), preventing
platelet aggregation. Simultaneously, the SVMP metalloproteinase domain
erodes the victim’s endothelial basement membranes, exacerbating the ensuing
haemorrhage (Liu and Huang, 1997).

ADAMs are expressed in a diverse group of animals where they appear
to have a range of functions. ADAMs have been described in mammals
(Wolfsberg et al., 1995; Yagami-Hiromasa et al., 1995; Wolfsberg and White,
1996), Caenorhabditis elegans (Podbilewicz, 1996), Xenopus laevis (Alfandari et al.,
1997; Cai et al., 1998), and Drosophila (Pan and Rubin, 1997; Sotillos et al., 1997).
ADAMs play important roles in early development (Primakoff and Myles,
2000). The zinc-dependent metalloproteinase domains of some ADAMs have
been shown to process protein extracellular domains (Pan and Rubin, 1997;
Black et al., 1997; Peschon et al., 1998). For example, kuzbanian, a Drosophila
ADAM, proteolytically modifies Notch (Pan and Rubin, 1997), while

mammalian ADAM 17 (TACE) mediates tumour necrosis factor-o. (TNF-a) and



transforming growth factor o (TGF-a) ectodomain shedding (Black et al., 1997;
Peschon et al., 1998). The disintegrin domain of ADAM 2 (fertilin B) acts in
sperm-egg adhesion (Myles et al., 1994; Evans et al., 1995; Cho et al., 2000). A
hydrophobic peptide in the cysteine-rich domain of ADAM 12 (meltrin o) is
thought to be involved in myoblast fusion (Yagami-Hiromasa et al., 1995). In
addition, the cytoplasmic domains of some ADAMs contain proline-rich motifs

characteristic of proteins that participate in signal transduction pathways

(Wolfsberg and White, 1996; Weskamp et al., 1996; Howard et al., 1999).

In this thesis, an embryonic sea urchin ADAM (SpADAM) is identified
and characterized, its embryonic and larval expression patterns are determined,
and its function in spiculogenesis is evaluated. In amino acid sequence and
expression pattern, SpADAM is similar to mammalian ADAM 12 and ADAM 19

(meltrin B), and Xenopus ADAM 13.

1.1.1 ADAMs and the Development of Muscle, Bone, and Nervous Tissues
Vertebrate ADAM 12, ADAM 13, and ADAM 19, are well characterized
ADAMs that are expressed in early development, initially by mesenchyme.
Mouse ADAM 12 and Xenopus ADAM 13 are expressed in myoblasts (Yagami-
Hiromasa et al., 1995; Alfandari et al.,, 1997). ADAM 12 is involved in the fusion
of myoblasts into multinucleate myotubes during the normal development of
mammalian skeletal muscle (Yagami-Hiromasa et al., 1995; Gilpin et al., 1998).

Mouse myoblasts transfected with ADAM 12 constructs lacking the



metalloproteinase domain fuse more readily than those transfected with full-
length ADAM 12 (Yagami-Hiromasa et al., 1995). In vivo, the proteolysis of
ADAM 12 may expose a fusogenic peptide, facilitating the joining of adjacent
myoblast plasma membranes. When tumour cells expressing a soluble form of
ADAM 12 (ADAM 12-S) were injected into nude mice, resulting tumours
contained ectopic muscle cells of host origin (Gilpin et al., 1998). The
mechanisms by which the membrane bound and secreted forms of ADAM 12
act in myogenesis are not known.

Both the disintegrin and cysteine-rich domains of ADAM 12 have been
shown to mediate cell-cell adhesion (Yagami-Hiromasa et al., 1995; Iba et al.,
2000). In cell attachment assays comparing the adhesion of tumour cells to
laminin and recombinant ADAM 12 disintegrin or cysteine-rich domains, high
levels of cell adhesion were observed with laminin and ADAM 12 cysteine-rich
domain, and low levels with ADAM 12 disintegrin domain (Iba et al., 1999).
While the disintegrin domain likely interacts with an unidentified integrin
receptor, the cysteine-rich domain of human ADAM 12 appears to act in cell-cell
adhesion via syndecan receptors (Iba et al., 1999, 2000). Syndecans are heparan
sulfate glycosaminoglycans capable of binding growth factors, ECM
components, proteases and their inhibitors, as well as cell adhesion molecules
(Iba et al., 2000). A model has been proposed in which the cysteine-rich domain
of human ADAM 12 binds to a cell surface syndecan, triggering p1 integrin-

dependent cell spreading (Iba et al., 2000).



In addition to their involvement in the development of skeletal muscle,
meltrins are also thought to play roles in the formation of bone and nervous
tissues. ADAM 12 and ADAM 19 are expressed by osteoblasts and osteoclasts:
cells involved in the formation of the vertebrate skeleton (Inoue et al., 1998; Abe
et al., 1999). The neuroectoderm and some cranial neural crest cells in Xenopus
embryos express ADAM 13 (Alfandari et al., 1997). Mouse ADAM 19 is
strongly expressed in neural crest-derived ganglia and ventral horns of the
spinal cord during neurogenesis (Kurisaki et al., 1998) and is capable of
proteolytically processing Neuregulin (Shirakabe et al., 2001), a growth factor
involved in the differentiation of neural crest-derived neurons and glial cells
(Meyer and Birchmeier, 1995; Meyer et al., 1997; Cameron et al., 2001; Meintanis
et al., 2001).

Several events in sea urchin embryogenesis could involve the adhesive,
fusogenic, and proteolytic activities of ADAMs. These events include primary
mesenchyme cell (PMC) and secondary mesenchyme cell (SMC) ingression and
migration, PMC-PMC and SMC-SMC adhesion and fusion, skeleton formation,
myoblast adhesion and fusion, and neurogenesis. The molecular mechanisms of
these processes remain poorly understood. During early embryogenesis,
SpADAM is expressed in skeletogenic mesenchyme (PMCs), SMC derivatives
such as pigment cells, blastocoelar cells, and muscle cells, and also in neural

ectoderm. Functional studies indicate that SpADAM plays a role in skeletal



morphogenesis, suggesting a high degree of structural and functional
conservation in this group of ADAMs.

The deuterostome phyla (i.e. Echinodermata, Chordata) diverged from
the protostome phyla (i.e. Mollusca, Annelida, Arthropoda) in the Proterozoic
eon, approximately 1.2 billion years ago (Wray et al., 1996; Knoll and Carroll,
1999). Molecular and morphological evidence indicates that deuterostomes are
monophyletic (Peterson et al., 2000). Therefore, a thorough understanding of
sea urchin embryogenesis might shed light on archetypal molecular and
morphogenic events leading to the formation of analogous progenitor

deuterostome systems such as skeletal and nervous systems.

1.2 Sea Urchin Embryogenesis
1.2.1 Nonuniform Distribution of Maternal Factors in the Sea Urchin Egg

During oogenesis, sea urchin eggs are imparted with an animal-vegetal
(A-V) polarity that is morphologically visible in only certain species. In
Paracentrotus lividus ova, for example, this polarity is apparent as a belt of
pigment granules near the vegetal pole (Boveri, 1901; Czihak, 1971). This
mosaic distribution of pigment granules along the A-V axis reflects the polar
distribution of maternal transcription factor activities involved in early cell fate
specification events (Davidson et al., 1998; Angerer and Angerer, 2000). When

sea urchin eggs are split equatorially (perpendicular to the A-V axis), and the



resulting merogones are fertilized, animal halves develop into ciliated epithelial
balls (dauerblastulae), while vegetal halves develop into small, but complete,
larvae. However, when sea urchin eggs are split meridionally (parallel to the
A-V axis), and fertilized, both halves develop into small larvae (Horstadius,
1928, 1939; Maruyama et al., 1985; Gilbert, 1997). These experiments point to the
existence of a maternal determinant, restricted to the vegetal portion of the
unfertilized sea urchin egg, that functions in the specification of endoderm and

mesoderm.

1.2.2 Cleavage and Cell Fate Specification

Sea urchin embryos, like those of mollusks and nematodes, undergo
stereotypic cleavage, resulting in the differentiated parts of every individual
always arising from the same lineage of founder cells in the early embryo
(Davidson, 1990). Autonomous specification depends on inheritance of
regionally sequestered maternal factors, whereas conditional specification is
mediated by cell-cell interactions (Davidson, 1991; Slack, 1991). The sea urchin,
like most animals, utilizes autonomous and conditional specification (Davidson
etal., 1998). In embryos that undergo variant cleavage, such as amphibians,
teleost fish, and mammals, all cell lineages are believed to be conditionally
specified. Conditional cell fate specification, set by a cell’s relative position
within the embryo, is mediated by diffusible ligands or cell surface ligands on

adjacent cells (Davidson, 1989, 1990).



Sea urchins exhibit radial, holoblastic cleavage. Cleavage furrows are
oriented either parallel or perpendicular to the A-V axis and extend through the
entire egg (Gilbert, 1997). The first two cleavage planes are meridional (pass
through animal and vegetal poles) and perpendicular to one another. The 4-cell
embryo retains the A-V polarity of the egg (Fig. 1). When 2-cell or 4-cell
embryos are dissociated into individual cells, each blastomere develops into a
small larva (Driesch, 1892; Horstadius and Wolsky, 1936; Gilbert, 1997).

The third cleavage plane is equatorial, forming four animal and four
vegetal blastomeres (Fig. 1). When an 8-cell sea urchin embryo is split along a
meridional cleavage plane, preserving the distribution of maternal factors along
the A-V axis, both halves develop into small plutei (Horstadius, 1928, 1939).
However, when an 8-cell embryo is split along the equatorial cleavage plane, the
animal half develops into a dauerblastula and the vegetal half develops into a
small pluteus (Horstadius, 1928, 1939). These experiments demonstrated the A-
V polarity of the unfertilized sea urchin egg, with animalizing factors specifying
blastomeres to ectoderm fate, and vegetalizing factors initiating the specification
events resulting in the formation of mesoderm and endoderm.

The fourth cleavage in sea urchin embryos is unequal. The animal
quartet of the 8-cell embryo divide meridionally, forming eight mesomeres of
identical size. The vegetal quartet divide equatorially and unequally, forming

four macromeres and four micromeres. The micromeres, due to their position at



Figure 1. Normal development and fate map of the 5. purpuratus embryo
(adapted from Horstadius, 1939; Davidson, 1990; Davidson et al., 1998).
(A-F) Normal cleavage divisions from fertilized egg through 60-cell morula (2-
cell stage omitted). Lineages are presented as different colours in 16-cell (D), 32-
cell (E), 60-cell (F), hatched (early) blastula (G), mesenchyme (late) blastula (H),
late gastrula (I), prism (J), and pluteus larva (K in ventral view, L in lateral
view). Black: large micromeres. The large micromeres differentiate into primary
mesenchyme cells (PMCs) and ingress into the blastocoel (H), where they form
skeleton (I-L). Orange: veg> blastomeres, including the vegetal plate (vp)
mesoderm, which gives rise to secondary mesenchyme cells (SMCs) and parts of
the endoderm. Green: veg: blastomeres, including parts of the endoderm
(intestine) and aboral ectoderm. Purple: anz blastomeres, including parts of the
oral ectoderm, ciliated band (cb), and aboral ectoderm. Blue: ani blastomeres,
including parts of the oral ectoderm, ciliated band and aboral ectoderm. smy,
small micromeres; e, esophagus; sto, stomach; int, intestine; stomo, stomodeum;

m, mouth.
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the vegetal pole, inherit the hypothetical maternal determinant that
autonomously specifies them to a skeletogenic fate (Fig. 1; Davidson, 1990).
Fourth cleavage micromeres are determined to the skeletogenic mesenchyme
fate. When isolated and cultured, micromeres behave much like they would in
vivo. They divide several times, migrate, fuse into a syncytium, and form
spicules (Okazaki, 1975).

The autonomously specified micromeres of the 16-cell embryo are the
only blastomeres at this stage that are irreversibly committed to a specific fate.
When micromeres are transplanted to the animal pole of a recipient 16-cell
embryo, an ectopic vegetal plate forms (Horstadius, 1935; Ransick and
Davidson, 1993, 1995). Primary mesenchyme cells (PMCs), derived from the
transplanted micromeres, ingressed and formed skeletons. Vegetal plates
formed at the animal and vegetal poles and buckled, forming two archenterons
(Horstadius, 1935; Ransick and Davidson, 1993, 1995). These results indicate
there is a micromere-derived signal for the specification of the vegetal plate
mesendoderm lineage.

The fifth cleavage planes differ for each type of blastomere. Mesomeres
divide equatorially, yielding two octet tiers: an at the animal pole, and an
below it. The macromeres divide meridionally yielding an octet, while the
micromeres divide eccentrically yielding a quartet of small micromeres at the
vegetal pole and a quartet of large micromeres above it. The four large

micromeres are committed to a skeletogenic mesenchyme fate, and the four
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small micromeres contribute to the coelomic epithelium (Davidson et al., 1998;
Angerer and Angerer, 2000). In the sixth cleavage, an1 and an: tiers divide
equatorially. The sixth cleavage daughters of the am and an tiers are referred to
as the animal cap of the 60-cell embryo (Fig. 1). The sixth cleavage sees the
macromere daughters dividing equatorially to form veg: and veg: tiers (Fig. 1),
the large micromeres dividing to form an octet, and the small micromeres
remaining a quartet. The 60-cell sea urchin embryo is composed of five
territories that will express specific sets of genes (Davidson et al., 1998). These
lineages are the small micromeres, the skeletogenic mesenchyme, the vegetal

plate, the oral ectoderm, and the aboral ectoderm.

Davidson (1989, 1990) proposed that the hypothetical vegetal maternal
determinant must be a positively acting regulatory factor that turns on a PMC-
specific set of genes. He also hypothesized the existence of globally distributed
inactive regulatory factors in the egg which, following invariant cleavages,
would be separated into the blastomere tiers of the 60 cell embryo (Fig. 1). In
the Davidson hypothesis, all tiers arranged along the primordial A-V axis,
except the vegetal-most tier, contain the same complement of inactive
regulatory factors. Once the vegetal-most tier (fourth cleavage micromeres and
their descendents) has been specified, these blastomeres produce an inductive
ligand. A hypothetical receptor on blastomeres in the adjacent tier (veg), binds
the ligand, and transduces a signal that activates one of the regulatory factors.

Translocation of an activated transcription factor into vegz nuclei would result in
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the expression of a histospecific battery of genes, specifying these cells to the
vegetal plate mesendoderm territory. Veg: cells or their progeny would then
conditionally specify the next tier of blastomeres using a different inductive
ligand-receptor combination. If all mesomere and macromere progeny contain
the same inactive regulatory factors, then any of these blastomeres could be
specified to the vegetal plate mesendoderm lineage simply by contact with a
micromere. This theory explains how micromeres can induce a vegetal plate to
form when placed in contact with vegz blastomeres (in the unperturbed embryo),
the vegetal-most surface of the 60-cell animal cap (Horstadius, 1939), or the

animal-most surface of the 60-cell animal cap (Ransick and Davidson, 1993).
1.2.3 Hatching

Blastomeres develop cilia on their apical surfaces prior to hatching (Fig.
1). The beating of these cilia causes the late blastula to spin inside the
fertilization envelope (Czihak, 1971). The P. lividus hatching enzyme gene (HE),
coding for a collagenase-like secreted metalloprotienase, is transcribed in animal
blastomeres for a 5-10 hour period before hatching (Lepage and Gache, 1990;
Gache et al., 1992). The ~ 50 kDa hatching enzyme is secreted into the
perivitelline space, between the hyaline layer and the fertilization envelope
(Lepage and Gache, 1989). Hatching enzyme then proteolytically degrades
components of the fertilization envelope, allowing the blastula to swim free

(Mozingo et al., 1993). Since HE mRNA accumulates in dissociated blastomere
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cultures (with no cell-cell contacts) at the same time and approximately to the
same degree as in unperturbed embryos, HE expression is cell-autonomous
(Ghiglione et al., 1993.) HE is a zygotic gene that is transcriptionally activated
by an animal transcription factor (Lepage et al., 1992; Ghiglione et al., 1993).
This maternal factor, SpEts4, is restricted to mesomere descendents

(presumptive ectoderm) by invariant early cleavage divisions (Wei et al., 1999).

1.2.4 Primary Mesenchyme Ontogeny

The spherical hatched blastula consists of a simple, ciliated epithelium
surrounding a gel-filled space, the blastocoel. The hyaline layer is an apical
extracellular matrix (ECM), comprised of twelve proteins arranged in six layers
(Hall and Vacquier, 1982; Alliegro et al., 1988; Campbell and Crawford, 1991;
Burke et al., 1998). Embryonic sea urchin basal lamina, an internal ECM
structure that contacts the basal surfaces of blastomeres, contains many of the
same glycoproteins as vertebrate basal lamina (Wessel et al., 1984).

A few hours after hatching, the embryo begins a series of morphological
changes. Coincident with the initiation of invagination, PMCs decrease levels of
adhesion to echinonectin, hyalin, and to adjacent cells (Fink and McClay, 1985;
Burdsal et al., 1991). As PMCs lose affinity for hyaline layer glycoproteins, they
undergo epithelial-to-mesenchymal transformation and migrate into the
blastocoel through fenestrations in the basal lamina (McClay et al., 1995).
Migrating PMCs extend long, slender filopodia, which appear to contact the

basal lamina (Katow and Solursh, 1981). PMCs then use the basal lamina as a
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substrate for migration (Malinda and Ettensohn, 1994). The sea urchin basal
lamina appears to contain ECM components such as heparan sulfate
proteoglycan, laminin, and collagen types I and IV (Wessel et al., 1984). PMCs
express adhesion molecules such as integrins on the surfaces of their filopodial
extensions, allowing these cells to attach to/detach from ECM molecules
(Marsden and Burke, 1997, 1998).

Following ectoderm-derived cues, which have yet to be identified
(Malinda and Ettensohn, 1994), PMCs migrate along the basal lamina to
characteristic locations within the blastocoel (Armstrong and McClay, 199%4;
Guss and Ettensohn, 1997). The mesenchymal ring consists of 16-32 PMCs
encircling the vegetal blastocoel, and a branch of about 18 PMCs extends from
each ventrolateral cluster toward the animal pole (Galileo and Morrill, 1985). By
mid-gastrulation, the filopodial plasma membranes of adjacent PMCs fuse by an
unknown mechanism, forming a syncytium (Okazaki, 1960; Wolpert and
Gustafson, 1961; Malinda et al., 1995). The calcareous larval skeleton is
deposited in spaces within the PMC syncytium (Ingersoll and Wilt, 1998).
Triradiate spicules form at the two ventrolateral PMC clusters in the
mesenchymal ring, and each spicule elongates to form the larval skeleton
(Malinda et al., 1995).

The ectoderm’s involvement in embryonic sea urchin skeletal pattern
determination was proposed by Wolpert and Gustafson (1961), based on

observations of PMC behaviour. The first experimental evidence suggesting
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that the ectoderm plays an important role in spiculogenesis came from Harkey
and Whiteley (1980), who found that the spicules formed by isolated PMCs
exhibited normal morphology only when these PMCs were allowed to form
aggregates with ectodermal cells.

In normal embryos, a thickened area of ectoderm overlies the two
ventrolateral PMC clusters (Okasaki, 1960; Galileo and Morrill, 1985).
Treatment with NiCl» results in embryos that have no dorsal-ventral axis, are
radially symmetrical, and form multiple enlarged triradiated spicules in a radial
pattern around the base of the archenteron (Hardin et al., 1992). Armstrong et
al. (1993) found that chimeric sea urchin embryos composed of normal PMCs
recombined with NiClx-treated PMC-less host embryos (supplying the
ectoderm) formed abnormal skeletons identical to those of the NiCl-treated
control embryos, whereas chimeras composed of NiClx>-treated PMCs in normal
ectoderm produced normal spicules. In NiClx-treated sea urchin embryos, the
thickened ectodermal region is expanded into a band encircling the vegetal plate
(Hardin et al., 1992). Since normal embryos with two dorsolateral ectodermal
thickenings form two spicular rudiments regardless of how the mesenchyme is
treated, and NiClz-treated embryos with an annular ectodermal thickening form
multiple triradiate spicules even with untreated mesenchyme, the ectoderm
appears to determine the number of locations within the blastocoel at which

spicule nucleation and initial growth can occur (Armstrong et al., 1993).



17

1.2.5 Secondary Mesenchyme Ontogeny

The secondary mesenchyme is distinguished from primary mesenchyme
by its later ingression into the blastocoel. Secondary mesenchyme forms
pigment cells, blastocoelar cells, and circumesophageal muscles.

A monoclonal antibody (SP1) identifying pigment cell precursors in the
vegetal plate just after PMC ingression has revealed that all presumptive
pigment cells appear to ingress from the vegetal plate and archenteron tip prior
to 1/3 gastrula stage (when the archenteron has reached one-third of the way
across the blastocoel; Gibson and Burke, 1985, 1987, 1988). These SP 1-
immunoreactive pigment cell precursors then migrate across the blastocoel and
penetrate basal lamina, invading the ectoderm (Gibson and Burke, 1985, 1987).
SP1-immunoreactive cells in the late gastrula ectoderm develop pigment and
continue to migrate, eventually assuming a characteristic distribution in the
pluteus (Gibson and Burke, 1988).

Blastocoelar cells are a subset of SMCs that release from the tip of the
lengthening archenteron after the initial phase of gastrulation (Tamboline and
Burke, 1992). Unlike PMCs, which use basal lamina as a substrate for migration,
blastocoelar cells migrate with their cell bodies completely surrounded by
blastocoelar matrix (Tamboline and Burke, 1992). During gastrulation,
blastocoelar cells are capable of fusing with one another by a molecular pathway
believed to be distinct from that involved in the formation of the PMC

syncytium (Hodor and Ettensohn, 1998). Although PMCs and blastocoelar cells
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come into contact with one another, they are incapable of heterotypic fusion

(Hodor and Ettensohn, 1998).

In the late gastrula/early prism stage embryo, the coeloms begin to form
from cells at the tip of the invaginating archenteron (Burke and Alvarez, 1988).
The cells that form the circumesophageal musculature originate in the coelomic
epithelium (Gustafson and Wolpert, 1967). In late gastrula/early prism stage
embryos (45-48 h), anti-actin and phalloidin staining is found in the basal
regions of coelomic pouch and gut epithelial cells (Burke and Alvarez, 1988). In
early plutei (60-72 h), about six cells in each coelomic sac contain abundant
actin, and processes from these myoblasts extend around the upper esophagus,
appearing to fuse along its midline (Burke and Alvarez, 1988). The circular
upper esophageal muscle cells then send longitudinal collateral branches that
form a basket-like network around the lower esophagus (Burke, 1981; Burke and

Alvarez, 1988).

1.2.6 Larval Nervous System

The feeding echinopluteus larva possesses effectors (circumesophageal
muscle fibres and ciliary band cells) and neurons which appear to innervate
them (Burke, 1978). Peristaltic contractions of the circumesophageal
musculature and coordinated control of ciliary band cells are thought to be
governed by the larval nervous system (Strathmann, 1971; Burke, 1978).

The apical plate is a region of ectoderm in the prism stage embryo (50 -
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60 h) where serotonergic cells differentiate and form the apical ganglion
(Gustafson and Wolpert, 1967; Horstadius, 1973; Burke, 1983). The week-old
larval nervous system consists of the apical ganglion in the pre-oral hood, the
oral ganglia in lower lip regions on either side of the mouth, and axon tracts
beneath the circumesophageal musculature and ciliary band (Burke, 1978, 1983;

Bisgrove and Burke, 1987).

1.3 Objectives

The initial goal of this research project was to determine if sea urchin
embryos contain ADAM-like mRNAs and proteins. The temporal and spatial
patterns of ADAM expression would then be determined. From this data,
hypotheses of embryonic sea urchin ADAM functions would be developed and

tested.



20

CHAPTER 2
MATERIALS AND METHODS
2.1 Embryo Culture
Strongylocentrotus purpuratus were collected locally and kept at 12°C in
recirculating sea water. Embryos were cultured at 12-14° C following

conventional procedures (Strathmann, 1987).

2.2 Homology RT-PCR

Poly (A+) RNA was prepared from staged embryos using a
MicroPoly(A)Pure mRNA Isolation Kit (Ambion). Precipitated RNA from 5x104
embryos was resuspended in nuclease-free H>O, primed with random
hexamers, and reverse transcribed (Marsden and Burke, 1997). First strand
cDNA was immediately used as template in PCR amplifications with a semi-
nested set of degenerate primers (primers 1, 5, and 4, Alfandari et al., 1997) (Fig.
2). A 1:500 dilution of first-round product was used as template in a second-
round of amplification. Cycling parameters were: 39 cycles of (94°C 1 min,
40°C 2 min, 72°C 2 min) followed by a 10 min extension at 72°C. A 425 bp
product was band purified using Sephaglas (Pharmacia), TA cloned using the
pGEM®-T Vector (Promega), and then sequenced using M13 primers
(Amersham) on an ABI 377 automated sequencer. Nucleic acid sequences were

analyzed initially using the Blastx algorithm (Altschul et al., 1990) and the non-
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Figure 2. Primers used to clone, subclone, and sequence SpADAM.

A domain map of unprocessed SpADAM protein shows the locations of
primers. Sequences for the semi-nested degenerate primers (1, 5, and 4), used to
amplify the original 425 bp SpADAM fragment, were taken from Alfandari et al.
(1997). The remaining primers were designed using Gene Runner™ software.

SP, signal peptide; TM, transmembrane domain.
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redundant sequence database available at the National Center for Biotechnology
Information (NCBI) website. ADAM sequences were aligned using
GENESTREAM alignment tools (IGH Montpellier, France). DNAMAN (Lyon
Biosoft v4.03) was used to construct phylogenetic trees using a neighbour
joining algorithm (Saitou and Nei, 1987). Hydrophilicity profiles were
generated using the Kyte-Doolittle method for calculating amino acid

hydropathy indices (Kyte and Doolittle, 1982).

2.3 Screening Lambda and Arrayed ¢cDNA Libraries

A mid-gastrula A phage cDNA library (Marsden and Burke, 1997) was
screened with a 336 bp SpADAM PCR product (1115 - 1450), radiolabeled using
Rad Prime DNA Labeling System (GibcoBRL). Hybridization was carried out
as previously described (Marsden and Burke, 1997). Following secondary and
tertiary screens, the pBluescript plasmid was rescued using the ExAssist helper
phage (Stratagene). This yielded a single 1054 bp SpADAM clone, which was
used to screen S. purpuratus 20-h (mesenchyme blastula) and 40-h (late gastrula)
high density, arrayed cDNA libraries (E. Davidson, CalTech).

Arrayed cDNA library membranes (Fig. 3) were wet with sterile
deionized H2O, and incubated 2 h at 65°C in hybridization buffer (5X SSPE, 5X
Denhardt’s reagent, 0.5% SDS). Radiolabeled, purified, and denatured

SpADAM probe was added to the buffer (1x10°¢ counts per ml), and
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Figure 3. Arrayed library membrane and clone identification scheme.

Each high-density filter array consists of a 48X48 square block, which
may be subdivided into six 16X24 square blocks. There are (48x48) or 2304
squares per membrane, and 5 or 6 membranes per library. Each 16X24 square
block represents the clones in a 384-well plate, and each square is a 4X4 grid of
eight clones applied in duplicate. The pair of dots form a unique angle that is
used to identify the plate from which the clone was sampled. In the membrane
depicted in Fig. 3 (20 h mesenchyme blastula arrayed library, membrane D#4),
the angle of the dot pair indicates plate number 29. For each subsequent
membrane after the first (A) one in a set, 48 must be added to the plate number.
So, for the D filter shown in Fig. 4, 144 must be added to 29 to get the actual
decoded plate number (173). The X-Y coordinates of the dot pair can then be
used to determine well position within this plate. The dot pair in Fig. 3 lies in
the left lower sub-field at position H19. This clone, therefore, is identified as 173
H19, and its position on the SpADAM contiguous cDNA sequence may be seen

in Fig. 4.
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hybridization was done at 65°C overnight. Membranes were washed in 2X
SSPE, 0.1% SDS two times 10 min at RT; 1X SSPE, 0.1% SDS once 15 min at 65°C;
1X SSPE, 0.1% SDS once 10 min at 65°C. Membranes were exposed to a CRST-
VN Imaging Plate (Fuji) for 1 h, and detected using the Storm 860

Phosphoimager (Molecular Dynamics) (Fig. 3).

2.4 In Situ RNA Hybridization
A 425 bp SpADAM fragment (1052-1477) was used to transcribe
digoxygenin-labeled RN A probes (Ransick et al., 1993). Embryo fixation and

RNA hybridization followed Harkey et al. (1992).

25 RT-PCR

RT-PCR was performed using the ProSTAR™ First-Strand RT-PCR Kit
(Stratagene). SpADAM-specific RT-PCR primers were designed to give a 336 bp
product (Fig. 2). First-strand cDNA was synthesized using 300 ng of mRNA
(quantified using spectrophotometry) from each stage. 300 ng mRNA (in 0.65 to
0.80 pl dH>0O/0.1 mM EDTA) was brought to 38 ul with DEPC-treated H2O. 3 pl
of 100 ng/ ul random primers was added to each sample, and the volumes were
mixed gently by pipette. The tubes were incubated at 65°C for 5 min, and then
allowed to cool passively at 23°C for 20 min. The first-strand cDNA synthesis
reaction consisted of this 41 pl volume plus 5 pl of 10x RT buffer, 40 U of RNase

Block Ribonuclease Inhibitor, 4 mM dNTPs, and 50 U of MMLV-RT. These
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reactants were mixed gently by pipette, and then incubated at 37°C for 1 h.
Reactions were heated at 90°C for 5 min, and placed on ice until thermal cycling
reactions were assembled.

PCR amplifications included the following reactants: 40 pl of sterile
dH-0, 5 pl 10x Tag DNA polymerase buffer, 2 pl of first-strand cDNA, 0.4 mM
of each primer, 0.2 mM dNTPs, and 5 U Tag DNA polymerase. After adding
polymerase and mixing by pipette, reactions were overlayed with sterile
mineral oil. Cycling parameters were 95°C 45 s, 50°C 1 min, 72°C 1 min for 35
cycles, with a 10 min 72°C extension. 5 pl of each PCR product and a 100 bp
ladder (Gibco BRL) were then run at 90 constant volts on a 1.5% agarose gel
containing ethidium bromide. The gel, transilluminated with UV light, was

photographed using the EagleEye (Stratagene) photodocumentation station.

2.6 Northern Blot

Following Sambrook et al. (1989), 1 ug mRNA (quantified using
spectrophotometry) from each stage was separated on a formaldehyde agarose
gel, and the gel was washed and capillary transferred. A 0.24-9.5 Kb RNA
ladder (GibcoBRL) was run alongside embryonic samples, then removed,
stained with ethidium bromide, and photographed next to a UV fluorescent
ruler. Following transfer, nylon filters were soaked in 2X SSC, 0.1% SDS for 5
min at 23°C, dried flat on 3MM paper for 30 min at 23°C, and UV crosslinked

using the 1200 pJoule preset of the UVStratalinker 1800 (Stratagene).
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The 1054 bp SpADAM clone from the Lambda library (Fig. 4) was band
purified (Sephaglas, Pharmacia), radiolabeled using 32P as previously described,
purified using the Wizard PCR kit (Promega), heated to 100°C for 5 min, chilled
on ice for 2 min, and used to probe the blots. Membranes were wet in sterile
deionized H>0O, and prehybridized for 1-2 h at 65°C in 10 ml/blot ULTRAhyb
ultrasensitive hybridization buffer (Ambion). Membranes were hybridized
overnight (16-20 h) at 65°C with constant rotation. Following hybridization,
membranes were washed twice in (2X SSC, 0.2% SDS, 15 min, 65°C), and twice
in (0.2X SSC, 0.2% SDS, 30 min, 65°C). Membranes were wrapped in Saran
wrap and exposed to a flashed, standard CRST-VN Imaging Plate (Fuji) for 24 h.
Latent images were detected using the Storm 860 Phosphoimager (Molecular

Dynamics).

2.7 Antibody Production

A 832 bp SpADAM fragment (925-1757) was subcloned into the
expression plasmid pQE31 (Qiagen) (Fig. 2). Expression and purification of the
6xHis-tagged SpADAM fragment followed manufacturer’s procedures
(Qiagen). Purified SpADAM protein was concentrated (1 mg/ml) and buffer
exchanged into sterile PBS. SpADAM protein, injected subcutaneously into a
New Zealand White rabbit, served as antigen for the production of a polyclonal
antibody. 500 pg of SpADAM protein was mixed with an equal volume (500 pl)

of Freund’s complete adjuvant, and sonicated 5 s on ice prior to injection. Four
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boosts of 500 ug SpADAM in Freund's incomplete adjuvant were given at
monthly intervals. Anti-SpADAM serum was collected fourteen days after the
final boost. Bacterially expressed SpADAM+His protein was purified using
nickel columns, subjected to SDS-PAGE, electrophoretically transferred to
nitrocellulose, and probed with anti-His antibodies to ensure the bacterially

expressed protein was of the expected size (~30 kDa).

2.8 Immunoblots

For each sample, 3 x 104 embryos were pelleted, resuspended in 300 pl
sterile deionized H20 containing Complete™ protease inhibitor (Boehringer
Mannheim), and sonicated 5 s on ice. Samples were centrifuged at 25,000 X G
(4°C, 30 min), and supernatants were concentrated to 1/5 volume using
Centricon 10 centrifugal filters (Amicon). Samples were dissolved in reducing
sample buffer and separated by SDS-PAGE (Laemmli, 1970), and transferred to
nitrocellulose (Towbin et al., 1979). Blots were blocked, incubated, washed, and
detected as in Marsden and Burke (1997). Antiserum or pre-immune serum was
diluted 1:1000, and alkaline phosphatase-conjugated goat anti-rabbit (Sigma)
was diluted 1:10,000 in 3% milk/TBST (3% skim milk powder, 0.1% Tween 20 in

TBS).
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2.9 Immunoprecipitations

Pelleted embryos were resuspended in sterile PBS containing 1 mM
AEBSF (pH 8.0) and sonicated 10 s on ice. Lysates were centrifuged (25,000 X G,
4°C, 25 min). EZ Link Sulfo NHS LC Biotin (Pierce) was added to 1 mg/ml.
Samples were vortexed and incubated at 4°C for 1 h. Biotinylated embryonic
supernatants were washed and concentrated with a Centricon 10 filter (Amicon)
and resuspended with PBS containing 1 mM AEBSF. After a second
concentration and resuspension, samples were diluted 1:10 with 0°C pH 8.0 PBS
containing 1 mM AEBSF. Immunoprecipitation, PAGE, immunoblotting, and
chemilluminescent detection followed Murray et al. (2000). Primary antiserum

and pre-immune serum were diluted 1:50.

210 Whole Mount Immunofluorescence

Embryo fixation followed Nakajima and Burke (1996). Embryos were
blocked, incubated with primary antibody, and rinsed following Marsden and
Burke (1997). Embryos were then incubated 1 h in 1:400 dilution of
AlexaFluor™ 488 goat anti-rabbit IgG (H+L) conjugate (Molecular Probes) in
filtered PBS. Embryos were rinsed 3 times in PBS, and mounted 1:1 in
SlowFade® Light Antifade in glycerol buffer (Molecular Probes). Specimens
were viewed and images acquired with a Zeiss LSM 410 laser confocal

microscope. Pre-immune controls were run for all experimental preparations.
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Images were adjusted for contrast and brightness and assembled with Adobe

Photoshop (V. 4.0).

211 Affinity Purification of Anti-SpADAM Antibodies

40 pg of purified, bacterially expressed SpADAM fragment was
electrophoretically separated on a preparative 10% polyacrylamide gel and
blotted to nitrocellulose. A strip containing the SpADAM polypeptide was
removed and blocked overnight in 5% milk/TBST (TBS + 0.1% Tween 20) and
incubated with a 1:50 dilution of the anti-SpADAM antiserum. The membrane
strip was washed extensively in TBST and TBS, and antibodies bound to the
strip were eluted with 3.0 ml 0.2 M glycine pH 2.2 (4°C, 10 min). The pH of the

eluted antibodies was immediately adjusted to 7.4 using 2 M Tris HCI (pH 9.0).

212 Genomic Southern Blot

DNA was isolated from the sperm of two sea urchins (Sambrook et al.,
1989; Blin and Stafford, 1976), digested with BamHI, EcoR]I, HindllIl, or Pst], and
separated on 0.8% agarose gels. Gels were depurinated, denatured, neutralized,
and capillary transferred to Hybond N+ nylon membranes (Peterson et al.,
1999). Membranes were soaked in 6X SSPE (23°C, 5 min), air dried, and UV
crosslinked. Southern blots were incubated in pre-hybe buffer (5X SSPE, 5X
Denhardt’s reagent, 0.5% SDS) for 2 h at 65°C. Hybridization was done (60°C,

overnight) with radiolabeled SpADAM probe (912-1927). Membrane washes
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follow the Northern blot protocol, but at 60°C. Membranes were exposed to a
CRST-VN Imaging Plate (Fuji) for 12 h, and detected using a Storm 860

Phosphoimager (Molecular Dynamics).

213 Purification of Anti-SpADAM IgG and Isolation of Fab Fragments

IgG fractions were purified from anti-SpADAM serum using a protein A
agarose column (Pierce). IgGs were eluted into 0.2 M glycine (pH 2.5),
neutralized with 2 M Tris (pH 9.0), and concentrated (to 5 mg/ml) and buffer
exchanged into 100 mM sodium acetate (pH 5.5) using a stirred cell with a YM30
ultrafiltration membrane (Amicon). Papain digestion of anti-SpADAM IgG was
carried out as described by Harlow and Lane (1988). Fab and Fc fragments were
separated using a protein A agarose column (Pierce), and the Fab fragments
were concentrated (10 mg/ml) and buffer exchanged several times into sterile

PBS. Fab fragments were kept at 4°C and used within one week of isolation.

2.14 Micromere Isolation and Culture

For micromere isolation, eggs were fertilized in ASW containing 1 mM
aminotriazole (Showman and Foerder, 1979) and fertilization envelopes
removed by pouring eggs through 102 um Nitex. Embryos were cultured to 16
cell stage and dissociated following McClay (1986). Micromeres were isolated
with a 5-25% linear sucrose gradient following Kabakoff and Lennarz (1990).

The micromere band was collected, CaCl> was added to a final concentration of
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10 mM, and an equal volume of the micromere suspension was added to each
well of a sterile 12-well tissue culture dish (Costar). After cell attachment, the
sucrose solution was replaced with ASW (14°C). After 1h incubation, the ASW
was replaced with the appropriate experimental or control medium (ASW, 4%
horse serum, 100 units/ml penicillin, 100 pg/ml streptomycin). Cells were

cultured at 14°C.

2.15 Spicule Measurement

Micromeres were cultured in the presence of anti-SpADAM serum in
ASW, heat-inactivated anti-SpADAM serum in ASW, purified anti-SpADAM
IgG in ASW, normal rabbit IgG in ASW, anti-SpADAM Fab fragments in ASW,
heat-inactivated anti-SpADAM Fab fragments in ASW, or ASW alone. All
cultures contained 4% horse serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin, and were incubated at 14°C. Spicules were analyzed 46-68 h after
micromere isolation. Starting at a position on the edge of each dish, a transect of
adjacent fields was photographed. Spicules in adjacent fields were measured
either on prints or the computer screen. Results were analyzed using Unpaired
t tests when comparing two groups, and ANOV A with Tukey post tests when

comparing three groups (GraphPad Instat v3.05).
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216 Deduced Amino Acid Sequence Comparisons

To determine regional levels of identity and similarity between SpADAM
and other ADAMSs of known function, SpADAM was individually aligned with
each ADAM using GENESTREAM Align tools (Person et al., 1997). Human
ADAM 12 domain boundaries of Gilpin et al. (1998) were used. Within a given
aligned domain, the number (#) of identical amino acids was divided by (# of
SpADAM residues + # of SpADAM gaps in that domain) to give % identity. (#
of identical + similar amino acids in domain) + (# of SpADAM residues +

SpADAM gaps in domain) yielded % similarity.
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CHAPTER 3
RESULTS
3.1 Identification of SpADAM

Homology RT-PCR using mesenchyme blastula mRNA as template and
degenerate semi-nested primers (Alfandari et al., 1997) yielded a fragment of the
predicted size (425 bp) (Fig. 2). Blast searches indicate this is a fragment of a
novel sea urchin ADAM. A PCR amplified internal region of this fragment was
used as a probe to screen a mid-gastrula phage library (Fig. 2). This yielded a
1054 bp SpADAM fragment, which was used as probe to screen 20 h
(mesenchyme blastula) and 40 h (late gastrula) high density, arrayed cDNA
libraries. The four clones identified from these libraries were sequenced several
times in both directions. Sequencing primers were designed for internal
sequences of clone 57 M5 (Fig. 2) to sequence the 3' end of the open reading
frame. The sequences were assembled into a contiguous sequence containing a
complete 3072 bp open reading frame encoding a 1023 amino acid protein with
a predicted molecular weight of 111.2 kDa. Two clones identified in the 20 h
library (35 O14 and 57 M5) contained 69 bp inserts in their EGF-like domains
(Fig. 4). Primers designed from the 5' and 3' untranslated sequences, were used
to amplify a single band of the predicted size from embryonic cDNA (data not
shown).

A hydrophilicity profile of the deduced SpADAM amino acid sequence

(Kyte and Doolittle, 1982) reveals a potential signal peptide and transmembrane
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domain (Fig. 4). The putative signal peptide is 30 amino acids long and ends
with a predicted cleavage site (Nielsen et al., 1997). The predicted protein also
contains a pro-domain (31-208), a metalloproteinase domain (209-417), a
disintegrin domain (418-511), a cysteine-rich domain (512-653) and an EGF-like
domain (654-706). SpADAM contains the conserved HEXGHXXGXXHD zinc-
binding catalytic site sequence characteristic of active metalloproteinases (Black
and White, 1998; Schlondorff and Blobel, 2000). The putative transmembrane
domain is 28 amino acids in length (707-734) and separates a 676 residue
extracellular domain (31-706) from a 289 residue cytoplasmic domain (735-1023)
(Figs. 5, 6). The cytoplasmic domain is 22.8% proline and contains sequences
such as RPPTPVTRP, which are similar to the SH3 binding consensus,

RPLPXXP.

3.2 SpADAM Similarities

. With protein-protein Blast searches (Altschul et al., 1997), SpADAM is
most similar to mammalian ADAM 12 (meltrin o), ADAM 19 (meltrin B), and
ADAM 9 (meltrin y), and Xenopus ADAM 13. When the SpADAM amino acid
sequence is aligned and compared with the amino acid sequences of all ADAMs
with known functions, SpADAM is most similar to Human ADAM 12 (34.8 %
identity/59.5 % similarity) and Xenopus ADAM 13 (35.5 % identity/59.0 %
similarity) (Table 1). Within the metalloproteinase active site, the SpADAM

sequence is 66.7 % identical and 91.7 % similar to human ADAM 12 and
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Figure 4. Clone map showing SpADAM domain structure and hydrophilicity
profile.

Hydrophilicity profile for SpADAM was generated using the Kyte-Doolittle

method for calculating amino acid hydropathy indices (Kyte and Doolittle,

1982). N (amino terminus), SP (signal peptide), EGF (epidermal growth factor),

TM (transmembrane), C (carboxyl terminus), aa (amino acid). On the

hydrophilicity plot, a single bar marks the hydrophobic signal sequence, and a

double bar marks the hydrophobic transmembrane domain.
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Figure 5. Alignment of deduced amino acid sequences of SpADAM and human
ADAM 12. |
Domain boundaries are from Gilpin et al. (1998). Gaps are indicated by dashes,
large black arrows show predicted signal peptide cleavage sites, and asterisks
show potential N-linked glycosylation sites. Signal peptide cleavage sites were
predicted using the SignalP V1.1 World Wide Web Server. N-linked
glycosylation consensus sequences, N{P}[ST]{P} (where N represents
asparagine, {P} denotes any amino acid except proline, and [ST] indicates either
serine or threonine), were identified using Gene Runner™ software. Amino
acid identities are shown in gray. The metalloproteinase active site and
disintegrin loop are boxed. The underlined tripeptide aligns with the RGD
sequence found in many soluble snake venom metalloproteinase disintegrins
(SVMPs). This SVMP tripeptide is presented on the tip of the disintegrin loop,
where it functions as an integrin ligand. (SpADAM Accession Number:

AY029303)
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Figure 6. SpADAM c¢DNA sequence with deduced amino acid translation.

The 3381 bp SpADAM contiguous cDNA sequence is shown, 5" to 3’, with
the encoded amino acid residues. 77 bp of the 5" untranslated region (UTR) and
231 bp of the 3' UTR are shown. A black triangle indicates the predicted signal
peptide cleavage site, asterisks denote possible N-linked glycosylation sites, and
domains are assigned according to Gilpin et al. (1998). The putative zinc-
binding metalloproteinase catalytic site is shown in bold italics, the disintegrin
loop is boxed, and the tripeptide aligned with the integrin-binding RGD of
SVMPs in bold. The putative fusogenic peptide, aligned with a hydrophobic
region of mouse ADAM 12 that is similar in amino acid sequence to a Sendai
virus fusion peptide (Yagami-Hiromasa et al, 1995; Huovila et al, 1996), is
underlined. The stop codon is indicated by “&”, and the contiguous sequence

does not include a polyadenylation signal.
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ttcgttacattacatgcgtatcecgtattttgetcgagaacggagagacccgcgaccgagta
gtgaaataggagaaagATGGATGGAATTAAACCCCTTTACAAGGGATTCCAAGCTGTG
M D GG I K P L Y K G F Q A V

ATTTTCGTGCTGGTTGGAATATTATTTATCACAGATCATTGTTTAGGTTACAGAACACCA
I P V L V G I L F I T D H CUL G ¥ R T P
Signal Peptide A Pro~-domain
GGAGGACAAGAGGAACAACTAGGGAAATTATTGAACTACGACATCGTCACACCGTATCGT
G G Q E E ¢ L G K L L N Y D I VvV T P Y R

TTAGCCGGCAGGGAGCGCAGGCAAGCCCACACAATTACTCAGGATGGTCACATGCGAGAA
L A G R ERIR QA H T I T Q D G H M R E

ACTTCCTTTGTTCTGTCTGCATTTGGAAAACAATTTACATTGGATGTCAGGCTGAATGAA
T $s P VL S A F G K @ F T L D V R L N E

GACCTATTTCCTGCAAGATACATTGAGAGGTCTTATGCACAGGATGGCGGAGCTATTACT
b L ¥F P A R Y I E R S Y A Q D G G A I T

AGGAAGCCTCACCCACATCATCATTGTTACTACCACGGAGAAGTAAGAGAAGCTAATACA
R K P H P H H HCY Y H G E V R EANT
*
TCATCCGTAGCACTCAGTACTTGCAATGGAATCAGTGGAGTGTTTATGGCAGATGGTGAA
s § v AL S T C N G I S GV F M A D G E

AGTTATTATATCGAACTACTGCTTGAGGCGGACGAACAACATCTAGTCTACAGACCGCAG
s Y ¥ I E L L L 8 A D E Q H L VvV Y R P Q

GATAGGCGTGACAAGAAGACGTGGGTGTTTGACGTAGATTCATCACATCATGAGCAATCT
DR R DK K T WV F D V D S S HH E Q S

GAGCAAGAAGCAGAGGAGCCGACCCTCGGGCACCGAACCCGGAGAGACGTCCATTCCGAA
E Q EA E E P TUL G HURTURR D V H S E
[ Metalloprotease domain
ACTAAATTTATCGAGCTAGTCATCGTTAACGACTATCAGGAGTTTCTACGCCAAGAGGAG
T K F I E 'L Vv I vV N D Y Q E F L R Qg E E

AATGAAACTATCGTTGCAGGAAGAAGTAAAGAAATAGCCAATGTCATGGACATGATCTAC
N E T I VA G R S5 K E I A NV M DM I Y
*

CGTCCAATGAATGTTCGGGTAGCGCTGGTGGGCGTGGTCACCTGGAGTCAAGGAGACCGT
R P M NV R VAL V GV V TW S Q G D R

TTTGTTGTTAGCTCCCTTCAAGGAAACACGATGGGCGAGTTTCAAAGATGGAGARACAAC
F VvV V 5§ 8§ L Q G N T M G E F Q R W R N N

GAACTACTCCCAGATATCAAGAACGACAATGCACAGTTCATAACGGGTGTGTCGTTTGAT
E L L p D I K N DN AOQF I T G V S8 F D

GGAAGCACGGTAGGGATGGCCTCGCTAGGAACGATGTGCTCTGATGAGAGATCAGGTGGA
G 8§ T v 6 M A S L G T M C S D E R S G G
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GTCAGCCAGGACCATGATCGCAACGCAGCTGTTGTTGCCAGCACCGTCGCCCATGAGATG
v 8$ ¢ D H D RN AW AV V A S T V A HE H

GGCCATAATCTAGGCTTCATGCACGATACCTCCGATAGAAACTGCGTATGTGATGCTCCG
G H N L G F M H b T S D RN C V C D A P

TCCAATGTAGGCTGTGTGATGGAGCCCTCTAGTGGACCGATCCCTCCTACAAACTTCTCA
S N VvV 6 ¢ vV M E P 8 8§ G P I P P T N F S8
*
ACGTGTTCTTACACGGACTTGAAGACATCTCTTGAGAAGGGTCTAGGAGCGTGTCTCTTT
T ¢ 8§ ¥ T b L K T s L E K GGG L 66 A C L F

GACTATCCTGATATGATCTTTGACGGACCCATCTGCGGCAACGGCTTCTTGGAGGTCGGG
by p DM I F D G P TICGDNGUF L E V G
| Disintegrin domain
GAAGAGTGCGATTGCGGAACAGTAGAGGAATGCTCCAATGACTGCTGTATTCCTGCTACC
E E ¢C D C G T V E E C S N D CC I P A T

TGTCGCCTGCATGAGAATGCAACCTGTGCTGTAGGAGAATGCTGTGAAGATTGCCAGCTG
Cc R L HEDNATTCA AUV GECCETUDTC QL
%
AAGAAAGCCGGTGAGGTTTGCCGGGATCTCAGTAACATGTGCGACCTCCCTGAATACTGC
K KA G E V C RDIL S NMGCDUL P E Y ¢

ACTGGTCTGTCTGCTGAGTGTCCAGCCAACGTGTACAGGCAGAACGGTCAGACGTGTGCC
T 66 L 8 A E C P A N V Y R QN G Q T C A
LCys-rich domain
AACATGGACGATTCCACCTGTTATGATGGCCAATGTTTGGCCTTTGATGACCAGTGTGAG
N M DD S T C Y D G Q C L A F D D ¢ C E

AAGATATGGGGGCCAGGAGCGGAGGTAGCTCATGAAAACTGCTTCAATTTTAACACTCAG
K I w G P G A EV A HEWNUG CU FNU FN T Q

GGCAGCTCTTTTGGCAACTGTGGAGGGACTAGTTCATCATTCCAAGCATGCGAAAGAAGT
G §$ S ¥F 6 NCG G T S S 8 F Q A CE R 3

CATGTGAAGTGTGGTAAGCTGATGTGCGTTGGAGGAAGCTCCTATCCCATCTTGAGTTCC
H V. K ¢ G K L. Mm ¢V 6 G S5 5 Y P I L S5 8

CTAGCCAAGGCCAGTCAGGGTTATATCTGGGACGAGAACAACAACCAGCATACCTGCAAG
L. A K A S Q G Y I WD ENNNOQUH T C K

TCTGCCTCCATTGACCTGGGTCAAGACGTACCAGATCCGGGTTATGTCGCCACAGGATCG
s A 5 I DL G Q DV P D P G Y VAT G S

CAATGTGCACCGGGATTTGTATGCAGTGACTTCCAATGCCAGAACTTATCATCTCTCAAC
Q ¢ AP G F V C 5 D F Q0 C Q N L S S L N
* LEGF-like
ATCAGGGCTTGTCCTCATAACTGCAATGACCATGGGGTGTGCAACAGCAAGAACCACTGC
I R A C P HNCNDH G V C N S K N H C
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CACTGTGACCCTCAGTGGAGCCCTCCTCTGTGTRACACTCGTGGGTATGGAGGTAGCATT
H ¢ D P @Q W S P P L CNTIRG Y G G 85 I

GATAGTGGTCCTGCAAGAGCTACAGATCAACCAGGCGGTCCTGGATCCAACATGGTCATT
D S G P A RA T D QP G G P G S N M V I
| Transmembrane domain
GTGCTCCTAGTCATGTTCCTCTGTGTACTCCCAGGCCTGGCTCTCATTGGAATCCTAGTC
vV L. L VvV M F L ¢C VL P 6L A L I G I L V
LCyto.
TACTGCAAGAGACAAACTCTTTCTAAGATGGTCTCCAAGTCCAAGGGAACTACAAAGCAA
Yy ¢ K R ¢ T L 8 KM V 8 K 8 K GG T T K Q
Cytoplasmic domain
ACTTATCCCTCAAGCACAAACAACTATCGCAATCAAGAGAGTAGACCTGCGCCCGGGCCT
T ¥y P S 8§ T N N Y R N Q E S R P A P G P

GCACGCCACGCCCCTGTCAAACCTGCAATACAGCACACCTATCTACAGGAGACATCTAAT
A R H A PV K PATI Q H T Y L Q E T S N

GTCTTTAAATTCCCTGCCTCAGGTGCCCCTCCAGCTGCTCCTCAAGCCGCTATGAGACCT
vV F K F P A S 6 A P P A A P Q A A M R P

GCACGAACAGCACCGGCACCGCTAAGATCCCAGGAGACACCGATAGTTCACCGGCCTGCA
AR T A P A P L R S @Q E T P I V HR P A

CCTCCAGTTTCACAAGCTAAGAAACCGACAGCAAGTATAGCACCATTGAAAGTGGAAACA
p P V.S ¢ AKX K P T A S I A P L K V ET

GCACCGAAACCATCAAGGCCTCCGGTACCGTTAAACAAACCTCCCAGCCCAGCTAAGAGC
A P K P S R P P V P L N K P P 8 P A K S

CCTCCCTCGGTGTCGGTACCGGTGCCARAGGGCATCAGGGTAGCGCCCAAACCCCCCTCT
P P S V 5 VPV P K GI RV A P K P P 8

GTACATTCCAGTGCCAAACCTCAGTTCAGGTTACCACCTCCTATAGAGGCTAGCACCACC
vV B 5 5 A K p Q F R L P P P I E A S T T

AAACCTGCAAATGCACCACCAGGACTACCCACGAAACCGGCTCTAAAGCCAACGGTACCC
K p A N A P P G L P T K P A L K P T V P

AAGGTGCCGCTCAGACCAACCCCAGTTACAAGGCCCARACCGAACGTAAATCGTAACAAC
K v p L R P T P V T R P K P N V N R N N

TCTACAGAACTCGATGAAAGCTCGAACTTTTCACCAACTAATARAGTCTCAGAACCCTTT
s T L DE S S NVF S P TN K V S E P F

GCTGCAGAGAAGTCGATACCGGTAGCAGATAAACCTCTTGTGGCTCTTAAACCAGTACCG
A A E K S I PV A D K P L VA L K P V P

CCCAAGAAACCAGCGGTACCGAACAAACCGACCGTGCCAACTAGGCCACCTGCTCTTAAA
P K K P A V. P N K P T V P TR P P A L K
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CCACCTGTCAAGAAGGACCCTIGTTGTATGAcgatagtgtctcaacaatctaggecttttat
P P V K K D P V V &

taatgaactctttatcatcggtactcaactcagtettttctgtgatteccagtttatttaa
gagggatgtgctatggttgtcatgaatgtctacgcataagatgttactgectttectgtyg
cagatggacaaatccacatcggcagaaatctgcaaataatggttttaaaatgttgttgty
atctacaagactagtttttctg
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Table 1. Regional sequence similarities of SpADAM and other ADAMSs of
known function.
SpADAM deduced amino acid sequence was individually aligned with deduced
amino acid sequences of other ADAMs. Levels of identity and similarity in each
domain were evaluated using the human ADAM 12 domain boundaries of
Gilpin et al. (1998). Although functions are not yet known for the Xenopus
ADAMs, they are included because of high degrees of sequence similarity with
SpADAM. ADAM synonyms and references follow: ADAM 1 = fertilin o, Ph-
30a (Blobel et al., 1992); ADAM 2 = fertilin , PH-30 B (Cho et al., 1998); ADAM
3 = cyritestin, tMDC1 (Yuan et al., 1997; Linder and Heinlein, 1997); ADAM 9 =
xMDC 9 (Cai et al., 1998), MDC 9 (Izumi et al., 1998; Howard et al., 1999; Nath et
al., 2000); ADAM 10 = Drosophila kuzbanian (Sotillos et al., 1997; Pan and Rubin,
1997), C. elegans Sup 17 (Wen et al., 1997). ADAM 12 = meltrin a (Loechel et al.,
1998; Gilpin et al., 1998; Iba et al., 1999, 2000); ADAM 13 (Alfandari et al., 1997);
ADAM 15 = metargidin, MDC 15 (Zhang et al., 1998; Howard et al., 1999; Nath
et al., 1999); ADAM 17 = tumour necrosis factor a converting enzyme, TACE
(Black et al., 1997). ADAM 19 = meltrin p (Kurisaki et al., 1998). Identity boxes
are white if 0-20% (ADAM 17 signal peptide), pale gray if 20.1-30% (ADAM 17
Pro-domain), medium gray if 30.1-40% (ADAM 17 Disintegrin domain), dark
gray if 40.1-50% (ADAM 13 Metalloproteinase domain), and black if >50%
identity (ADAM 13 Disintegrin domain). Similarity boxes are white if 0-40%

(ADAM 17 signal peptide), pale gray if 40.1-50% (ADAM 17 Pro-domain),
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medium gray if 50.1-60% (ADAM 17 Disintegrin domain), dark gray if 60.1-70%
(ADAM 13 Cysteine-rich domain), and black if >70% similarity (ADAM 13
Disintegrin domain). For functional motifs (metalloproteinase active site and
disintegrin loop), percent identity is shown, with percent similarity in

parentheses below.
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Xenopus ADAM 13 (Table 1). Within the disintegrin loop, SpADAM is 78.6 %
identical and 85.7 % similar to human ADAM 12, and 57.1 % identical and 92.9
% similar to Xenopus ADAM 13 (Table 1). Phylogenetic trees constructed from
aligned protein sequences consistently group SpADAM with human and mouse
ADAM 12, mouse ADAM 19, and Xenopus ADAM 13 (Fig. 7). Aligned
extracellular domains (excluding signal sequences) gave the most robust
bootstrap values (Fig. 7). Phylogenetic trees were generated for all single
domain alignments and all possible multiple domain alignments, including
entire sequence (data not shown). In these, the SpADAM sequence always

clusters with ADAM 12, ADAM 13, and ADAM 19.

3.3 SpADAM is a Single Copy Gene

In Southern blots, there are single bands in HindIIl and Pst] digests of
sperm DNA from male 1, as well as in BamHI and PstI digests of sperm DNA
from male 2 (Fig. 8). These data indicate that the SpADAM gene is present once

per haploid genome.

34 RT-PCR

Developmental RT-PCR indicates that SpADAM mRNA is present in all
developmental stages from egg to pluteus (Fig. 9). In these reactions, identical
quantities of mRNA from each stage (300 ng) were used to generate cDNA, and

identical volumes of cDNA from each stage (2 pl) were used to amplify the 335
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Figure 7. Phylogenetic analysis of all ADAMs for which complete cDNA
sequence is available.

Amino acid sequences without their signal peptides and cytoplasmic
domains were aligned and a phylogenetic tree constructed using a neighbour
joining algorithm (Saitou and Nei, 1987). Bootstrap values are recorded at each
node. Alternative nomenclature and NCBI accession numbers follow: ADAM 1
(fertilin o), U46069, Y08616; ADAM 2 (fertilin B), AF086808, NM_001464,
X99794, U38806, U46070; ADAM 3 (cyritestin), NM_009619; ADAM 5, U22059,
U22060; ADAM 7, NM_007402; ADAM 8, NM_001109, NM_007403; ADAM 9
(meltrin v), NM_003816, NM_007404, AF032382; ADAM 10 (kuzbanian, SUP-17),
NM_001110, NM_007399, U60591, AF024614; ADAM 11, NM_002390; ADAM 12
(meltrin o), NM_003474, NM_007400; ADAM 13, U66003; ADAM 15
(metargidin), NM_003815, NM_009614, AJ251198; ADAM 17 (tumour necrosis
factor o converting enzyme, TACE), NM_003183, NM_009615; ADAM 18
(NM_014237); ADAM 19 (meltrin ), NM_009616; ADAM 20, NM_003814;
ADAM 21, AF158644; ADAM 22, AF134708; ADAM 23, NM_003812,
NM_011780; ADAM 24 (testase 1), AF167402; ADAM 25, NM_011781; ADAM 26
(testase 3), AF167404; ADAM 27, AF167405; ADAM 28, AF153350, NM_014265;
ADAM 29, AF171929; ADAM 30, AF171932; ADAM 31, AF251559; ADM-1,

U68185, SpADAM, AY029303.
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Figure 8. Genomic Southern blot

High molecular weight DNA, isolated from the sperm of two male sea
urchins, was independently digested to completion with BamHI (B), EcoRI (E),
HindIll (H), and PstI (P). Digested DNA samples and a AHindIll size marker
were separated on agarose gels, blotted to nylon membranes, and probed with a
radiolabeled SpADAM fragment. Marker bands are shown in kb. Single bands
in HindllI and Pstl digests of sperm DNA from male 1, and in BamHI and PstI
digests of sperm DNA from male 2, were confirmed by running a duplicate
Southern on the same samples (data not shown). Single bands indicate the
SpADAM gene is present once per haploid genome. Multiple bands are seen in

select digests because the probe spans more than one exon.
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Figure 9. RT-PCR

An equal quantity (300 ng) of poly (A+) RNA from each stage was reverse
transcribed to cDNA, and an equal volume (2 pl) of cDNA from each stage used
as template in polymerase chain reaction (PCR) with SpADAM specific primers

designed to amplify a 335 bp fragment (Fig. 2). SpADAM is present as template

in all stages tested.
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bp SpADAM band. The highest RT-PCR product band intensity is seen in the
prism (50 h) sample, while the lowest band intensity is in the early pluteus (72

h) sample.

3.5 Northern Blot

Northern blots reveal the presence of two SpADAM transcripts (Fig. 10).
In cleavage, mesenchyme blastula, early gastrula, and prism stages, 4.4 and 2.3
kb SpADAM bands are present. Mid-gastrula, late gastrula, and pluteus
samples contain only the smaller transcript. To control for loading, an equal
quantity of mRNA from each stage was used. Band intensity, therefore, reflects
the prevalence of SpADAM transcript in the sample. The highest levels of the
4.4 kb SpADAM transcript are seen in cleavage, mesenchyme blastula, and early
gastrula stage embryos. The 4.4 kb SpADAM mRNA drops to undetectable in
mid and late gastrulae, rises to a moderate level in prism stage embryos, and
then drops back to undetectable in plutei (Fig. 10). The 2.3 kb SpADAM
transcript level is steadily high from cleavage through early gastrula stages,
decreases during gastrulation to its lowest level in late gastrulae, rises to its
highest level in prism stage embryos, and then drops to moderate levels in

plutei (Fig. 10).

3.6 In Situ RNA Hybridization

In mesenchyme blastulae and early gastrulae, vegetal plates and PMCs
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Figure 10. Northern blot

Locations of RNA size marker bands are shown. SpADAM probe
recognizes a 2.2 kb band in all stages, with the highest level of this sized
transcript present in prism stage embryos. SpADAM probe also recognizes a
less intense 4.4 kb band in early stages. The 4.4 kb SpADAM transcript is
undetectable in mid and late gastrulae, present at low levels in prisms, and

undetectable in plutei.
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hybridize probe (Fig. 11A). In late gastrulae, SpADAM expression is high in
SMCs as they release from the archenteron tip, as well as in the thickened apical
plate and blastopore rim (Fig. 11B). In prisms (50 h), the highest level of
hybridization of SpADAM probe is in the apical plate, coelomic pouches,
intestine, pigment cells, blastocoelar cells, and some PMCs (Fig. 11C,E, F).
Typically, there is one PMC in each ventrolateral cluster that stains more
intensely than all the others. The remaining tissues have pale blue staining (Fig.
11A,B,CEF). In 5-week larvae, the highest levels of SpADAM probe binding
were in ciliary band, epaulettes, vestibule, somatocoels, and the five primary
podia of the adult rudiment (Fig. 12B,C,D). Again, there appeared to be a low
level of SpADAM expression in remaining tissues. There was an absence of
staining in all tissues of all embryos and larvae hybridized with the sense

riboprobe (Figs. 11D, 12A).

3.7 Immunoblots and Immunoprecipitations

A polyclonal antiserum (CR 15) was raised against a His-tagged
bacterially expressed 277 amino acid SpADAM fragment containing all of the
disintegrin domain and parts of the metalloproteinase and cysteine-rich
domains (Fig. 2). On Western blots of purified bacterially expressed
SpADAM+His, anti-His antibodies recognized a major band of approximately

the expected size (30 kDa). In cleavage stage pellet (crude membrane) fractions,
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Figure 11. Whole mount in situ hybridizations of early embryos using 425 bp
sense (D) and antisense (A-C, E, F) digoxygenin-labeled SpADAM riboprobes.
(A) Late mesenchyme blastula/early gastrula stage embryo (28 h), showing
intense staining in the vegetal plate, moderate staining in the presumptive
apical plate and fully ingressed PMCs, and low levels of SpADAM expression in
presumptive ectoderm.

(B) Late gastrula stage embryo (36 h), showing moderate staining of SMCs,
blastopore rim, and apical plate, and low levels of staining in remaining tissues.
(C, E, F) Prism stage embryos (50 h), showing high levels of SpADAM
transcript in apical plate, coelomic pouches (cp), intestine (i), pigment and
blastocoelar cells, and some PMCs. Faint staining is seen in remaining tissues
such as esophagus (e), stomach (s), ectoderm, and some PMCs. (F) Same
embryo as (E) in a surface focal plane showing staining of cells which, due to
their appearance and location, are believed to be pigment cells.

(D) Control prism stage embryo, hybridized with digoxygenin-labeled sense

SpADAM riboprobe. Bars = 25 pm. Bar is C applies to C-F.
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Figure 12. Whole mount in situ hybridizations of late larvae with sense (A) and
antisense (B-D) digoxygenin-labeled SpADAM riboprobes.

(A) Larvae labeled with sense SpADAM riboprobe have no staining in all

tissues.

(B) Staining is more intense in the left somatocoel (s) and invaginating vestibule

(v), but not in the left hydrocoel (h).

(©) A more advanced stage than (B), in which the vestibule, somatocoels, and

ciliated band (cb) display high levels of SpADAM transcript.

(D) More advanced than (C), this larva has formed an adult rudiment.

SpADAM is expressed at high levels in the five primary podia (pp), the ciliated

band, and the epaulettes (e). Remaining tissues are faintly stained.
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the dominant protein recognized by anti-SpADAM serum is of apparent
molecular weight (MW) 131 kDa (Fig. 13A, lane 1). The 131 kDa band is not
present in cleavage stage supernatant fractions (data not shown). In
mesenchyme blastula (28 h) crude membrane fractions, the dominant band is 95
kDa (Fig. 13A, lane 3). Anti-SpADAM antibodies also recognize a 131 kDa
protein in this fraction, but not in mesenchyme blastula supernatant (Fig. 134,
lane 2). Weaker bands of 51 and 44 kDa are seen in all cleavage and
mesenchyme blastula fractions (Fig. 13A, lanes 1, 2, and 3). No bands are
recognized, in any fractions of any stage, by pre-immune serum (Fig. 134, lane
4). Immunoprecipitates of prism (52 h) lysates with anti-SpADAM antibodies

have specific bands at 95 and 72 kDa (Fig. 13B, lane 1).

3.8 SpADAM Immunolocalization

Anti-SpADAM immunoreactivity is first detected at the intercellular
interface of the 2-cell cleavage embryo (Fig. 14A). In 4-cell and 8-cell embryos,
immunoreactivity is seen on all blastomere surfaces, although more intensely
where blastomeres contact (Fig. 14C). At the 16-cell stage, all mesomere and
macromere surfaces are immunoreactive (Fig. 14D). Staining in micromeres
appears more diffuse and less clearly associated with cell surfaces (Fig. 14D). In
60-cell embryos, all surfaces of macromere daughters are immunoreactive (Fig.

14G). The apical and lateral surfaces of ani (mesomere daughter) blastomeres
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Figure 13. SpADAM protein expression assessed by immunoblot and
immunoprecipitation.
A. Immunoblot of samples from cleavage stage (32-cell) and mesenchyme
blastula (28 h) crude membrane pellets (lanes 1 and 3) and mesenchyme blastula
aqueous supernatant (lane 2). Equal loadings of protein were separated by SDS-
PAGE, electroblotted, and incubated with anti-SpADAM antiserum (lanes 1-3)
or pre-immune serum (lane 4). A 131 kDa band is indicated with a black
arrowhead, and a 95 kDa band with a hollow arrowhead. B. Biotinylated prism
(52 h) lysates were immunoprecipitated with anti-SpADAM (lane 1) or pre-
immune serum (lane 2). The specific bands recognized by anti-SpADAM

antibodies are at 72 kDa (gray arrowhead) and 95 kDa.
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Figure 14. Confocal laser scanning images of cleavage stage embryos, prepared
for immunofluorescence with anti-SpADAM (A,C,D,E,G) or pre-immune
serum (B,E).

All images are 1 um optical sections except A and B, which are projections of 8-1

um sections. (A) 2-cell embryo shows anti-SpADAM immunoreactivity at cell-

cell interface. (B) Pre-immune control of 2-cell embryo shows no staining. (C) 8-

cell embryo shows immunoreactivity on all blastomere surfaces. (D) 16-cell

embryo shows immunoreactivity on all mesomere and macromere surfaces,
with more diffuse fluorescence of micromeres (m). (E) Pre-immune control of
16-cell embryo. (F) Optical section through animal tier of blastomeres of 32-cell
embryo showing anti-SpADAM immunoreactivity on apical and lateral
surfaces. (G) Vegetal view of 60-cell embryo showing anti-SpADAM
immunoreactivity on all surfaces of veg1 and veg> blastomeres. Micromeres are
not immunoreactive, and lack the diffuse internal staining seen in 16-cell

micromeres. Bar =25 um, and applies to A-G.



68




69

are immunoreactive, whereas their basal surfaces are not (Fig. 14F). Although
the 60-cell macromere-micromere interface is highly immunoreactive, there is
no immunoreactivity between micromeres (Fig. 14G). Additionally, the diffuse
immunoreactivity seen in 16-cell micromeres is no longer present in the 60-cell
micromeres (Fig. 14G).

At the mesenchyme blastula stage, the apical surfaces of vegetal plate
cells are immunoreactive (Fig. 15A). The apical surfaces of cells in the apical
plate are weakly immunoreactive (data not shown). As PMCs are released into
the blastocoel, some have small foci of anti-SpADAM immunoreactivity (Fig.
15A). Throughout gastrulation, SMCs released from the tip of the archenteron
are immunoreactive (Fig. 15B,C). In early gastrulae (Fig. 15B), PMCs are weakly
immunofluorescent. The level of immunoreactivity in PMCs rises throughout
gastrulation (Fig. 15C). In late gastrula/early prism stage embryos, surfaces of
PMC ventrolateral clusters with spicule rudiments and elongating spicules are
strongly immunoreactive (Fig. 15D,F). The skeletogenic cells remain
immunoreactive throughout larval life (Figs. 16C, 17E). In late gastrulae, the
cells of the coelomic pouches and pigment cells dispersed within the ectoderm
are immunoreactive (Fig. 15D, E).

In early plutei, skeletogenic mesenchyme associated with the larval
skeleton is immunoreactive (Fig 16A-F). The sheath of cytoplasm surrounding

the spicules, and the cells associated, are fluorescent. Although the spicule

sheath is almost uniformly immunofluorescent, there are regions of brighter
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Figure 15. Confocal laser scanning images of mesenchyme blastula to late
gastrula stage embryos prepared for immunofluorescence with anti-

SpADAM (A-F) or pre-immune (D inset) serum.

All images are 1 pm optical sections. (A) Mesenchyme blastula (28 h); (B) Mid-
gastrula (33 h); (C) Late gastrula (38 h); (D) Late gastrula/early prism stage
embryo (45 h). (D inset) Pre-immune 45 h control embryo showing no
immunoreactivity. (E) Detail of (D), showing apical immunoreactivity on cells
of coelomic pouch and esophagus. Mesenchyme cells and their filopodial
extensions are also immunoreactive. (F) Detail of (D), showing intense
fluorescence of PMCs and spicule sheath in ventrolateral cluster. Ectoderm
staining is not above background levels. PMC, primary mesenchyme cell; SMC,
secondary mesenchyme cell; a, archenteron; sp, spicule sheath; cp, coelomic
pouch; eso, esophagus; ect, ectoderm. Bar =25 pm in A-D, bar =10 ym in E

and F.
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Figure 16. Confocal laser scanning images of 4-arm plutei (72 h) prepared for
immunofluorescence with affinity-purified anti-SpADAM antibodies (A),
anti-SpADAM serum (B-H), or pre-immune serum (E inset).

(A) 1 pm optical section showing immunoreactivity only in mesenchyme.

PMC, primary mesenchyme cell; sp, spicule sheath; b, blastocoelar cell;

i, intestine; ect, ectoderm. (B) Maximum projection reconstruction of 6-0.6 pm

sections, showing patches of bright anti-SpADAM immunoreactivity in regions

of ectoderm overlying spicule tips. (C) 1 pm section. Immunoreactivity is
associated with coelomic pouch (cp), and filopodial extensions (f) of PMC at tip
of body rod. mo, mouth; eso, esophagus; sto, stomach. (D) Projection of 6-1 pm
sections. Muscle cells (mu) surrounding the esophagus bind anti-SpADAM
antibodies. (E) Projection of 7-1 um sections. (E inset) Projection of 10-1 pm
sections. (F) 1 pm section. (G) Projection of 7-1 pm sections of cross section of
pluteus esophageal region. There is a single immunoreactive cell in each
coelomic pouch (on either side of the esophagus). (H) Projection of 8-1 pm
sections of longitudinal section of pluteus in esophageal region.

Circumesophageal muscle fibres, as well as the apical surfaces (ap) of cells

lining the stomach, are recognized by anti-SpADAM antibodies. bl, basal

lamina. Bar =25 um in A,B,G H; bar =50 pm in C-F.
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fluorescence at the tips of the spicules and interspersed along the length of the
skeletal rods (Fig. 16C-E). Blastocoelar cells are diffusely immunoreactive (Fig.
16A). In early plutei, a single cell in each coelomic pouch, and the
circumesophageal muscle fibers express SpADAM (Fig. 16F-H). Unfertilized
eggs were not immunoreactive (data not shown). All early control embryos (to
100 h) treated with pre-immune serum showed no immunofluorescence above
background (Fig. 14B,E; Fig. 15D inset; Fig. 16E inset).

In 7-day plutei, the highest levels of anti-SpADAM immunoreactivity are
in the skeletogenic mesenchyme, esophageal muscles, and cells of the preoral
ectoderm surrounding the apical ganglion (Fig. 17). Preoral ectoderm
fluorescence is initially in a small number of cells, but in later plutei, the
thickened ectoderm between the preoral arms is brightly fluorescent (Fig. 17A-
C). In 7-day larvae, anti-serotonin antibodies recognize a group of neurons in
the apical ganglion (Fig. 17D left inset). Other potentially neural tissues
expressing SpADAM include adoral ciliated band, ciliated band, and oral
ganglia (Fig. 17D,E). The circumesophageal musculature is also strongly
immunoreactive in plutei, most prominently in the longitudinal muscles

forming a basket around the lower esophagus (Fig. 17F).
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Figure 17. Confocal laser scanning images of 7 day larvae prepared for
immunofluorescence with anti-SpADAM (A-F), pre-immune serum (D right
inset and F inset), or anti-serotonin (D left inset).

All images are 1 pm optical sections except (D, left inset), which is a projection

of 5-1 pm sections. (A) Prism stage embryo showing SpADAM expression in a

few cells of the apical plate (ap), PMCs, SMCs, and spicule (sp) sheaths. eso,

esophagus; sto, stomach; i, intestine; ect, ectoderm. Images B-F are of 7 day
fasted larvae. (B) Immunofluorescence is in the thickened region of ectoderm
containing the apical ganglion (ag), epithelium surrounding the mouth (mo),

spicule sheaths, and blastocoelar fibres. poa, postoral arm. (C) Detail of (B).

(D) Immunoreactivity in the region of the apical ganglion, oral ectoderm, PMCs,

and adoral ciliated band (ad). Oral ganglia (og) are more strongly stained than

background (D and F, insets). ala, anterolateral arm; ue, upper esophagus; le,
lower esophagus. (D left inset) Oral field and apical ganglion prepared with
anti-serotonin, showing cell bodies and processes of neurons. (D right inset)

Same region as (D left inset), but stained with pre-immune serum. (E) Detail of

oral field and upper digestive tract. ul, upper lip; cb, ciliated band; II, lower lip.

(F) Detail of upper digestive tract, showing immunoreactive longitudinal fibres

on the surface of the lower esophagus. (F inset) Upper digestive tract of larva

stained with pre-immune serum. Stomach endoderm, oral ganglia, and the
circular muscle fibres surrounding the upper esophagus stain weakly in pre-

immune controls. Barsin A, C, E, and F =50 um. Bars in B and D = 100 um.
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3.9 SpADAM and Skeletogenesis

To identify potential functions for SpADAM, PMCs were cultured with
anti-SpADAM antibodies throughout the development of spicules. 46 h PMC
cultures with 1 pl anti-SpADAM serum/ ml artificial seawater (ASW) had
spicules (mean=43.63 pm, n=43) significantly longer (p< 0.001) than those
without anti-SpADAM (mean=27.5 um, n=43) (Figs. 18, 19). 68 h PMC cultures
with 1 pl anti-SpADAM serum/ml ASW had spicules (mean=103.4 pm, n=109)
significantly longer (p< 0.0001) than those without anti-SpADAM (mean=72.1
pm, n=112) or in 1 pl heat-inactivated anti-SpADAM serum/ml ASW
(mean=75.2 um, n=104) (Figs. 20, 21). Micromeres cultured in the presence of
purified anti-SpADAM IgG (7 pg/ml) grew significantly longer spicules than
micromeres cultured With an identical concentration of normal rabbit IgG (p<
0.0001) (Fig. 22). At 60 h post-isolation, mean spicule length of micromeres
cultured with anti-SpADAM IgG was 75.4 £ 6.0 um (SEM), compared with 40.2
+ 3.9 um for micromeres cultured with normal rabbit IgG (P<0.0001) (Fig. 22).
Similarly, micromeres cultured in the presence of 1.7 pg/mi anti-SpADAM Fab
fragments grew significantly longer spicules (mean=73.3 £ 5.6 um) than
micromeres cultured with an identical concentration of heat-inactivated anti-
SpADAM Fab fragments (51.4 + 3.0 um) (P=0.001) (Fig. 22). PMC morphology,
the number of PMCs per spicule, spicule thickness, and degree of branching

were not different in any of the treatments (data not shown).
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Figure 18. Results of experiment in which micromeres were cultured in the
presence of anti-SpADAM serum in ASW(l1a-1c), or ASW alone (2a-2c). ASW,
Artificial Sea Water. Spicules were analyzed 46 h after micromere isolation.
Three representative adjacent fields are shown for each condition. The 6 anti-
SpADAM frames contained 43 spicules ranging in length from 10.05-103.85 pm,
and the 6 ASW frames contained 48 spicules ranging in length from 6.7-70.35
pm. Spicule lengths less than 10 pm were removed as these were considered
spicule “nuclei”, and this adjustment resulted in 43 spicules from each

condition. Bar =50 pm, and applies to all frames.
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Figure 19. Frequency histograms of spicule length from micromeres cultured in
the presence of anti-SpADAM serum in ASW, or ASW alone. ASW, Artificial
Sea Water; SEM, standard error of the mean in pm. Spicules were analyzed 46 h

after micromere isolation.
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Figure 20. Results of experiment in which micromeres were cultured in the
presence of anti-SpADAM serum in ASW (la-1c), heat-inactivated anti-
SpADAM serum in ASW (2a-2c), or ASW alone (3a-3c). ASW, Artificial Sea
Water. Spicules were analyzed 68 h after micromere isolation. 12 anti-
SpADAM frames contained 109 spicules ranging in length from 16.8-227.8 pm.
7 heat-inactivated anti-SpADAM frames contained 104 spicules ranging in
length from 13.4-160.8 um. 13 ASW frames contained 112 spicules ranging in

length from 10.1-187.6 pm. Bar = 25 um, and applies to all frames.
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Figure 21. Frequency histograms of spicule lengths from micromeres cultured
in the presence of anti-SpADAM serum in ASW, heat-inactivated anti-SpADAM
serum in ASW, or ASW alone. Spicules were analyzed 68 h after micromere

isolation. ASW, Artificial Sea Water; SEM, standard error of the mean in um.
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Figure 22. Results of experiment in which micromeres were cultured in the
presence of purified anti-SpADAM IgG in ASW, normal rabbit IgG in ASW,
anti-SpADAM Fab fragments in ASW, or heat-inactivated anti-SpADAM Fab
fragments in ASW. Spicules were analyzed 60 h after micromere isolation. One
representative field is shown for each condition. Bar graphs show the

length/ frequency distribution of spicules within each culture.
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To confirm the antibodies were bound to cell surface SpADAM, cells cultured in
anti-SpADAM were fixed and probed with an Alexa 488 conjugated Goat anti-
rabbit antibody. PMC surfaces were immunoreactive throughout the cellular
sheath surrounding spicules and there were large immunoreactive granules
within the cells. In cultures not incubated with anti-SpADAM, there was no

immunoreactivity (data not shown).
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CHAPTER 4
DISCUSSION
4.1 SpADAM is Most Closely Related to ADAMSs 12,13, and 19.

The deduced primary structure of the SpADAM protein indicates it is an
authentic member of the family of ADAM proteins. In addition to having the
requisite domain organization, phylogenetic analyses suggest SpADAM is most
closely related to ADAM 12 (meltrin o), ADAM 13, and ADAM 19 (meltrin B).
Although the overall similarity of ADAM 12 with SpADAM is about 59%,
notably greater similarity occurs in some domains. The similarities within the
metalloproteinase and the disintegrin domains exceed 70%, suggesting these
regions of the proteins are strongly conserved. Potential SpADAM activities
may be hypothesized given the functions of closely related ADAMs. For
example, ADAM 12 and ADAM 19 are active metalloproteinases (Loechel et al.,
1998; Wei et al., 2001). ADAM 19 proteolytically processes membrane-bound
Neuregulin-1, a member of the epidermal growth factor family that plays
important roles in the development of neural crest and glial cells (Garratt et al.,
2000; Shirakabe et al., 2001). SpADAM, like ADAMs 12, 13, and 19, contains the
zinc binding consensus sequence HEXXH characteristic of a subset of ADAMs
with metalloproteinase activity.

In addition to having similar primary structures, SpADAM and
vertebrate ADAMSs 12, 13, and 19 are also expressed in similar tissues during

embryogenesis. Mouse ADAMSs 12 and 19 are highly expressed in neonatal
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muscle, where they play roles in myogenesis (Yagami-Hiromasa et al., 1995;
Inoue et al., 1998). Xenopus ADAM 13 is expressed in somitic mesoderm and
cranial neural crest cells, where it is thought to function in myoblast
differentiation and neural crest cell adhesion and migration (Alfandari et al.,
1997). SpADAM is strongly expressed in cells of the larval muscular and
nervous systems, supporting the hypothesis that this ADAM plays conserved
roles in potentially homologous processes used by deuterostomes to form these
cell types. Several events in sea urchin embryogenesis could involve the
proteolytic, adhesive, and putative fusogenic, activities of this group of ADAMs.
These events include mesenchyme ingression, PMC syncytia formation,

spiculogenesis, SMC-SMC adhesion and fusion, and neurogenesis.

4.2 SpADAM Protein Occurs in Various Forms.

Data from RT-PCR, immunoblots, and immunoprecipitations indicate
that SpADAM protein is expressed and, like other ADAMs, the protein occurs
in various forms and is developmentally regulated. Two SpADAM clones with
69 bp inserts in their EGF-like domains were isolated. However, as SpADAM
appears to be a single copy gene, these are most likely alternative splice
variants. SpADAM is a modular protein that potentially can be cleaved
proteolytically to expose different functional domains. Immunoblots and
immunoprecipitates identified major bands at 131, 95, and 72 kDa. The 131 kDa

band presumably represents the SpADAM precursor. The deduced full-length
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(pre-processed) SpADAM protein is 1023 amino acids in length, with a
predicted molecular weight of approximately 111 kDa. This polypeptide
contains five potential N-linked glycosylation sites, which likely explain the
discrepancy between predicted and apparent molecular weights. The deduced
amino acid sequence of the C. elegans ADAM MIG-17, with nine potential N-
linked glycosylation sites, has a predicted MW of 58 kDa and an apparent MW
of 105 kDa (Nishiwaki et al., 2000). The 95 kDa form probably represents the
mature SpADAM protein lacking the pro-domain. The 72 kDa SpADAM
protein, which was the predominant band in prisms, may be a form that has
been further processed proteolytically. Cleavage of SpADAM on the carboxyl
end of its metalloproteinase domain, exposing the potentially adhesive
disintegrin domain, would yield a 606 amino acid polypeptide with two
predicted N-linked glycosylation sites and a predicted MW of 64 kDa. In
Xenopus, there have been three forms of ADAM 13 protein identified on
immunoblots: a fully glycosylated form at 120 kDa, a form thought to lack the
pro-domain at 97 kDa, and a 50 kDa form (Alfandari et al. 1997). In mammals,
three forms of ADAM 12 protein have been identified with immunoblots. There
is a 115 kDa form, a form lacking the pro-domain (86 kDa), and a form lacking
the metalloproteinase domain (67 kDa) (Yagami-Hiromasa et al., 1995). Having
multiple forms of the SpADAM protein is consistent with the proteolytic

processing found in other ADAM.
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4.3 SpADAM Functions in Skeleton Formation.

PMCs express SpADAM after ingression, but both in situ RNA
hybridization and immunolocalization suggest it is at low levels. Peak levels of
immunoreactivity in PMCs are not reached until late in gastrulation after PMC
syncytium formation, and expression persists throughout larval development.
This suggests that SpADAM may function in the formation of spicules, rather
than during PMC migration and fusion. This hypothesis was tested by
culturing micromeres in anti-SpADAM antibodies and Fab fragments
throughout their differentiation into skeletogenic syncytia. As SpADAM is
predicted to be a cell surface molecule, antibody interference is a reasonable
approach to assessing function. Controls indicated that anti-SpADAM in the
culture medium bound to PMCs, confirming SpADAM is a membrane protein.
The number of nuclei per syncytium and number of syncytia formed were not
different in treated and control preparations. Thus, the antibody did not appear
to have an effect on the early phases of skeletogenesis. However, there was a
marked difference in the length of spicules in cultures treated with anti-
SpADAM. Treatment with anti-SpADAM serum, purified anti-SpADAM IgG,
or anti-SpADAM Fab fragments all resulted in significantly longer spicules than
control treatments. There were no differences in the number of branch points or
overall form of the spicules between treated and control cultures. These
experiments suggest that Sp ADAM functions in skeletal morphogenesis,

specifically in regulation of the growth of the spicule.
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Control experiments, in which PMCs cultured with anti-SpADAM
antibodies contained immunoreactive granules, suggest antibodies are capped
and removed from the cell surface. Thus, it appears most likely that the
antibodies are blocking function by causing removal of SpADAM from the
surface of the PMCs. As longer spicules result from blocking, it seems possible
that SpADAM functions in degradation of spicules. Growth of spicules into 3-
dimensionally complex structures must involve regulation of the rate and
location of matrix deposition and removal. As spicules form only simple or
branched rods in culture, it is thought that regulation of skeletogenic
mesenchyme in vivo is responsible for this aspect of skeleton morphogenesis
(Harkey and Whiteley, 1980; Ettensohn et al., 1997). There are several lines of
evidence that indicate the ectoderm provides positional information and the
context for the proper development of the 3-dimensional form of the skeleton
(Armstrong et al., 1993; Armstrong and McClay, 1994). Guss and Ettensohn
(1997) have shown that the rates of skeletal rod growth are not uniform in vivo.
They also present a model in which ectoderm regulates the expression of
skeleton specific genes to enhance regional growth. Although they have
emphasized growth resulting from matrix deposition, the model can
accommodate regulated matrix removal equally well. Localization indicates
that skeletogenic cells do not express SpADAM uniformly, which suggests cells
may be responding to localized cues. Thus, SpADAM appears to have some

properties of the types of molecules that Guss and Ettensohn (1997) speculate
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may mediate skeletal morphogenesis. As antibody treatments indicate that
SpADAM may mediate matrix removal, localized activation may function in
slowing growth. SpADAM appears to be a good candidate for a molecule that
is part of the process by which ectoderm regulates spicule growth.
Metalloproteinases have been identified in sea urchin embryos and
inhibitors of matrix metalloproteinases (MMP) have been shown to block
spicule elongation (Roe et al. 1989; Quigley et al., 1993; Mayne and Robinson,
1996; Ingersoll and Wilt, 1998). Ingersoll and Wilt (1998) identified a 51 kDa
protease that they believed to be the target of metalloproteinase inhibitors.
Although they were unable to identify the precise role of metalloproteinases,
they have proposed that inhibitors interfere with the delivery of calcium
carbonate and matrix to the spicule. Treatment of skeletogenic mesenchyme
with anti-SpADAM antibodies appears to have the opposite effect on spicule
growth, suggesting that the MMP inhibitors used by Ingersoll and Wilt (1998)
are not acting on SpADAM. Clearly, metalloproteinases appear to be important

components in the process of biomineralization in sea urchins.

4.4 Hypothetial Role for SpADAM in SMC Ingression and Migration
During gastrulation, SMCs such as presumptive pigment cells and
blastocoelar cells undergo epithelial-mesenchymal transformations, and migrate
through fenestrations in the basal lamina into the blastocoel (Gibson and Burke,

1987; Tamboline and Burke, 1992). Embryonic sea urchin pigment cells
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apparently migrate using ECM substrates distinct from those used by migratory
PMCs (Gibson and Burke, 1987). SMCs extend long, slender filopodia as they
migrate (Tamboline and Burke, 1992). The mechanisms by which SMCs breach
basal lamina and migrate through blastocoelar ECM are not known. Whole
mount in situ hybridizations and immunolocalizations show high levels of
SpADAM expression in blastocoelar cells and pigment cells when they are
invasive. Hypothetically, SpADAM could be involved in the proteolytic ECM
remodeling that allows SMCs to penetrate basal lamina. The metalloproteinase
activity of MIG-17, an ADAM involved in C. elegans gonad formation, is thought
to be involved in ECM remodeling, allowing distal tip cells to adhere to
basement membrane and respond appropriately to directional cues such as
UNC-6 (Nishiwaki et al., 2000).

SMCs express the BC integrin subunit while ingressing and migrating
(Marsden and Burke, 1997). Integrins are transmembrane heterodimeric
proteins that serve as the primary links between ECM components (i.e. laminin,
fibronectin) and the actin cytoskeletons of migrating embryonic cells (Alberts et
al., 1994; Holly et al., 2000). For a cell to detach from neighbouring cells and
migrate individually through the embryo, dynamic cell-ECM interactions
involving regulated integrin adhesion must occur (Alberts et al., 1994; Holly et
al., 2000). It is speculated that the disintegrin domains of some ADAMs may
mediate cellular interactions with ECM components and/ or other cells (Black

and White, 1998; Primakoff and Myles, 2000). Hypothetically, the regulated
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expression of adhesion molecules (i.e. BC integrin), and their antagonists (i.e.
SpADAM with exposed disintegrin domain), on SMC surfaces might allow
these cells to attach to and detach from ECM molecules during their migratory
phases.

Function-blocking experiments could be used to test the hypothesis that
SpADAM metalloproteinase activity is involved in SMC ingression. All
presumptive pigment cells migrate into the blastocoel during early gastrulation,
after the vegetal plate has buckled and before the archenteron has reached one-
third of the way across the blastocoel (Gibson and Burke, 1985). Hatched
blastulae (26 h) could be microinjected with mouse monoclonal antibodies
(mAbs) raised against bacterially expressed SpADAM metalloproteinase
domain, or control mAbs directed to irrelevant antigens. 8 h after injection,
when uninjected and control injected siblings are late gastrulae with fully
ingressed SMCs, control and experimental embryos would be fixed, and SMC
numbers and locations determined using the pigment cell specific SP1/20.3.1
antibody (Gibson and Burke, 1985). If SpADAM is involved in SMC ingression,
the anti-SpADAM mAb might be expected to block ingression in a dose-
dependent fashion. Identification of SP1-positive cells in vegetal ectoderm, and
absence of SP1-positive cells in the blastocoel, would indicate SMC ingression
had been blocked.

To test the hypothesis that the SpADAM disintegrin domain might be

involved in SMC migration, blastocoelic injections of mouse mAb directed to
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bacterially expressed SpADAM disintegrin domain, or control mAb, could be
performed after SMC ingression had begun (34 h). Similarly, a synthetic
peptide corresponding to the integrin recognition sequence (SNM) of
SpADAM'’s disintegrin loop, and a control nonspecific peptide, would be
microinjected into the blastocoels of 34 h embryos. Embryos would be fixed 12
h after injection, when the pigment cells of control embryos are dispersed in the
ectoderm, and SP1 antibody would be used to identify SMCs. The ratios of SP1-
positive cells in the ectoderm to SP1-positive cells adhering to archenteron tips
would be compared between control and experimental preparations. If
SpADAM is involved in SMC migration, then anti-SpADAM mADb or
experimental peptide might prevent SMCs from moving away from the

archenteron tip after ingression.

4.5 Hypothetical Role for SpADAM in SMC-SMC Adhesion and/or Fusion
Following ingression and migration, blastocoelar cells fuse with one
another by a molecular pathway believed to be distinct from that used by PMCs
(Hodor and Ettensohn, 1998). Heterotypic (PMC-SMC) fusion does not occur
even though these cell types are occasionally in direct contact with one another
(Hodor and Ettensohn, 1998). As well, PMC fusion occurs only at the tips of
filopodial extensions, whereas SMC fusion sometimes occurs between adjacent
cell bodies (Hodor and Ettensohn, 1998). Hodor and Ettensohn (1998) predict

that a fusion protein mediating SMC-SMC fusion should be present on the
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entire cell surface during gastrulation. Because SpADAM is highly expressed
on SMC bodies and filopodia during their fusogenic period, SpADAM is a
candidate for mediating SMC-SMC adhesion and/ or fusion.

Fertilization, myotube formation, and the pathogenesis of enveloped
viruses, also involve the adhesion and fusion of adjacent phospholipid bilayers.
Intercellular fusion is a poorly understood phenomenon. Viral fusion,
especially that of influenza virus and human immunodeficiency virus, is better
understood. Viral adhesion and fusion are usually mediated by the same
protein, and viral fusion proteins share characteristics with adhesive and
potentially fusogenic molecules on the surfaces of animal cells that fuse (White,
1992). Therefore, viral fusion is used to model intercellular fusion. Both of these
types of fusion events begin with the contact of membrane outer leaflets (White,
1992). Virus and host cell membranes adhere via ligand-receptor binding,
resulting in protein conformational changes that bring adjacent outer leaflets in
close proximity (White, 1992; Vignery, 2000). Entry of enveloped viruses into
host cells involves integral membrane proteins often synthesized as precursors
that must be proteolytically cleaved to have optimal fusogenic activity. Viral
fusion proteins are capable of conferring fusogenicity when expressed in tissue
culture cells, and contain short (16 to 24 residue) relatively hydrophobic fusion
peptides that are conserved within, but not between, virus families (White,
1992). Some viral fusion peptides contain central prolines that may cause the

amphipathic alpha helical peptide to kink (Terwilliger and Eisenberg, 1982;
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White, 1992). The viral fusogenic peptide is thought to be buried until a
conformational change in the fusion protein exposes it, allowing the
hydrophobic peptide to interact with the target phospholipid bilayer (White,
1992; Alberts et al., 1994). The hydrophobic viral fusion peptide overcomes
energetic barriers to membrane fusion by dehydrating the space between outer
leaflets and destabilizing the host cell bilayer (Vignery, 2000).

SpADAM, ADAM 1, and ADAM 12 contain both adhesive and putative
fusogenic motifs, making them candidates for participation in intercellular
fusion processes. SpADAM is the first identified sea urchin protein with
potential fusogenic activity. Like viral fusion proteins, SpADAM, ADAM 1, and
ADAM 12, are all integral membrane proteins synthesized as precursors that
could be cleaved to expose N-terminal putative fusogenic peptides (Huovila et
al., 1996). The cysteine-rich domains of all three ADAMSs have putative
fusogenic motifs that, like viral fusion peptides, are hydrophobic and contain
central prolines (Blobel et al., 1992; Yagami-Hiromasa et al., 1995) (Fig. 23).
ADAM 1 may play a role in sperm-egg plasma membrane fusion (White, 1992;
Huovila et al., 1996), while ADAM 12 is involved in the fusion of myoblasts into
multinucleate myotubes during the normal development of mammalian skeletal

muscle (Yagami-Hiromasa et al., 1995; Gilpin et al., 1998).
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Figure 23. Aligned Kyte-Doolittle hydrophilicity profiles of 3 ADAMSs with
potential fusion peptides.
Hydrophilicity profiles are aligned at their amino (N) terminals with a
schematic showing ADAM domain organization. SP: signal peptide, EGF:
epidermal growth factor, TM: transmembrane, C: carboxyl terminus, aa: amino
acid. On the hydrophilicity plots, putative fusogenic peptide sequences and
locations are shown. Within putative fuéion peptide sequences, bold residues
are hydrophobic (= -0.4 on Kyte-Doolittle hydropathy scale; Kyte and Doolittle,

1982).
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Muga et al. (1994) found that a synthetic peptide mimicking the
potentially fusogenic region of ADAM 1 bound phospholipid bilayers and
induced them to fuse, supporting the notion that this ADAM plays a role in
fertilization. Recent evidence, however, indicates that murine sperm-egg fusion
is not dependent upon ADAM 1. The mature sperm of ADAM 2 knockout mice
also lack ADAM 1 (Cho et al., 2000). While the adhesion of fertilin-minus (p-/-)
sperm to eggs is dramatically reduced (to ~10% wild type levels), the fusion of
B-/-sperm to eggs is only moderately reduced (to ~50% wild type rate) (Cho et
al., 1998, 2000). These findings support the hypothesis that ADAM 2 is required
for sperm-egg adhesion, but indicate that ADAM 1 is not essential for sperm-
egg fusion. Furthermore, human ADAM 1 is a single-copy expressed, but
nonfunctional, pseudogene (Jury et al., 1997). Recent evidence indicates Cd9, a
tetraspanin expressed on mouse egg plasma membranes and known to interact
with integrins, is required for sperm-egg fusion (Kaji et al, 2000; Miller et al.,
2000; Le Naour et al., 2000; Miyado et al, 2000). The mechanism by which Cd9
acts in mammalian gamete fusion is not yet known.

The following is a hypothetical model of SMC-SMC adhesion and fusion
that is consistent with expression data (Fig. 24). SpADAM and the BG integrin
subunit (Marsden and Burke, 1997) are strongly expressed on all surfaces of all
SMCs during their fusogenic period. This may be the ligand-receptor pair
mediating SMC-SMC adhesion. Binding of the integrin with its recognition

sequence in SpADAM’s disintegrin loop could induce clustering of these
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Figure 24. Model of hypothetical SpADAM-integrin involvement in SMC-SMC
adhesion and fusion.

Both SpADAM (S) and its integrin receptor (i) are expressed on the surfaces of

all SMCs. A. Prior to disintegrin-integrin interaction, SpADAM’s hydrophobic

fusion peptide (black) is buried. The disintegrin loop of SpADAM binds to its

integrin receptor, inducing conformational changes in both proteins.

B. Conformational changes in interacting proteins draw adjacent plasma

membranes closer together, and expose SpADAM’s fusogenic peptide. In this

orientation, the hydrophobic peptide makes contact with and destabilizes the

target bilayer, and dehydrates the space between membrane outer leaflets.

C. Outer leaflets (ol) fuse first. D. Subsequently, inner leaflets (il) fuse.
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adhesion molecules to the site of contact and conformational changes in the
interacting proteins. These conformational changes might draw the adjacent
plasma membranes closer together and expose the hydrophobic fusogenic
peptides of clustered SpADAM molecules. In their new orientations, fusion
peptides could penetrate the apposed bilayers and dehydrate the space between
them, facilitating fusion.

To test this hypothesis, a synthetic peptide corresponding to SpADAM'’s
disintegrin loop sequence and containing the integrin recognition sequence
(SNM) would be analyzed for its ability to block SMC-SMC adhesion and/or
fusion relative to controls (nonspecific tripeptide). Cultures of fluorescently-
labeled SMCs could be prepared by injecting eggs with a fluorescent-labeled
dextran, fertilizing them, and culturing in the presence of lithium chloride to
generate exogastrulae (Hardin, 1988). Labeled exogastrulae (36 h) would be
transferred to calcium-free seawater, agitated to release SMCs from archenteron
tips, and passed through 20 um Nitex to remove embryos. Unlabeled SMCs
would be prepared in a similar fashion. After adding CaCl: to a final
concentration of 10 mM, equal numbers of labeled and unlabeled SMCs would
be placed in tissue culture dishes with various concentrations of experimental or
control peptide. SMC-SMC adhesion would be assessed by determining the
ratios of lone cells to attached cells. Fusion would be assessed by acquiring
bright field and fluorescence stereo images of cultured cells after various

incubation times, and determining the percentage of labeled cells. If SpADAM
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mediates SMC-SMC adhesion, or both adhesion and fusion, then the
experimental peptide would be expected to block SMC fusion in a dose-

dependent manner.

4.6 SpADAM Localization in Cleavage Stage Embryos

The fourth cleavage mesomeres and macromeres appear to express
SpADAM uniformly on all surfaces. However, anti-SpADAM
immunoreactivity in micromeres is diffuse and less clearly surface-associated.
By the 60-cell stage, SpADAM protein has disappeared from micromere
surfaces. This progression of surface staining, from diffuse to absent on cells of
a specific territory, is intriguing, and warrants further investigation. The
movement of Notch receptor from cell surfaces into intracellular vesicles is
thought to be involved in activation or inactivation of the Notch signaling
pathway (Klueg et al., 1998; Sherwood and McClay, 1997, 1999). The
cytoplasmic domain of SpADAM contains proline-rich sequences similar to
those found in the cytoplasmic domains of proteins involved in eukaryotic
signal transduction (Kay et al., 2000). Since signaling events are critical in cell
fate specification, it is possible that SpADAM could play a role in the
specification of micromeres to skeletogenic fate, or the specification of

remaining blastomeres to non-skeletogenic fate.
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4.7 SpADAM and Muscle Cells

In early (50-72 h) larvae, SpADAM expression is seen almost exclusively
in mesenchyme derivatives. The larval mesodermal tissues include PMCs,
SMCs, and the coeloms. The prevalence of SpADAM mRNA and protein in
various types of differentiated mesenchyme cells suggests histospecific roles for
SpADAM.

Anti-SpADAM antibodies identify a single cell in each coelomic pouch,
as well as the circumesophageal muscle fibres of 72 h larvae, and the basket-like
longitudinal lower esophageal musculature of 7 day larvae. Although anti-actin
antibodies reveal about 12 muscle cells in the early pluteus (60 h) coelonﬁc sacs
(Burke and Alvarez, 1988), anti-SpADAM antibodies recognize only 2. Also,
SpADAM is expressed by the circular upper esophageal muscle cells of early (72
h) plutei, whereas in 7 day larvae, SpADAM expression is predominantly in the
longitudinal lower esophageal musculature. Therefore, SpADAM protein
appears to be present in only a subset of muscle cells at a given time.

Scanning electron micrographs of the surface of the larval esophagus
reveal that the processes of muscle cells attach to one another, and appear to
fuse at points of contact (Burke and Alvarez, 1988). The disintegrin and
cysteine-rich domains of mammalian ADAM 12 mediate cell-cell adhesion
(Yagami-Hiromasa et al., 1995; Iba et al., 2000). The disintegrin domains of
SpADAM and human ADAM 12 are 60.4% identical/74.0% similar, and the

disintegrin loops of these polypeptides are 78.6% identical/85.7% similar. The
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cysteine-rich domains of these proteins are 40.0% identical/69.7% similar. High
degrees of conservation in these domains likely reflect their functional
importance, and suggest that SpADAM may also function as a cell adhesion
molecule. Since SpADAM and ADAM 12 both contain hydrophobic, putative
fusogenic peptides in their cysteine-rich domains (Fig. 23), and ADAM 12 has
been shown to be involved in myoblast fusion (Yagami-Hiromasa et al., 1995;
Gilpin et al., 1998), SpADAM is a candidate member of the sea urchin myoblast

fusion machinery.

4.8 SpADAM and the Larval Nervous System

Anti-serotonin antibodies recognize from 1 to 4 cells in the apical plates
of prism stage (50-60 h) sea urchin embryos (Bisgrove and Burke, 1986, 1987).
SpADAM is expressed by select cells in prism apical plates. In 7 day larvae, the
apical ganglion of serotonergic neurons is arranged within a thickened pad of
ectoderm. At this stage, SpADAM is expressed by most cells in this region
having epithelial morphology. The deduced amino acid sequence of SpADAM
is strikingly similar to that of ADAM 19. The metalloproteinase domains of
SpADAM and mouse ADAM 19 are 43.5% identical/70.3% similar, and their
metalloproteinase active sites are 66.7% identical/91.7% similar (Table 1).
Both ADAMSs have the conserved HEXXH motif characteristic of active
metalloproteinases. ADAM 19 proteolytically processes Neuregulin (Shirakabe

et al., 2001), a member of the epidermal growth factor family involved in the
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differentiation of neural crest-derived neurons and glial cells (Meyer, 1995;
Meyer et al., 1997; Cameron et al., 2001; Meintanis et al., 2001). Hypothetically,
SpADAM'’s metalloproteinase domain could process a growth factor involved in

the differentiation of neurons or glial cells in the region of the apical ganglion.
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CONCLUSIONS

ADAMs are a family of multidomain cell surface proteins thought to
have several important functions in early development. Events in sea urchin
embryogenesis that could potentially involve the proteolytic, adhesive, or
fusogenic activities of ADAMs include primary mesenchyme cell (PMC)
ingression, migration, and syncytia formation, spiculogenesis, and secondary
mesenchyme cell (SMC) fusion. SpADAM, a sea urchin ADAM, is expressed
during embryonic and larval development. Phylogenetic analyses using aligned
deduced amino acid sequences reveal that SpADAM is most similar to
mammalian ADAM 12 (meltrin o) and ADAM 19 (meltrin B), and Xenopus
ADAM 13. SpADAM shares many features with these vertebrate ADAMs. For
example, all four members of this group of ADAMs are expressed in multiple
forms, possibly indicating multiple activities and functions. All of these
ADAMs are expressed early in development, initially by mesenchyme.
SpADAM, ADAM 12, and ADAM 13 are all expressed in myogenic
mesenchyme, and ADAM 12 is involved in the fusion of myoblasts during the
development of skeletal muscle (Yagami-Hiromasa et al., 1995; Gilpin et al.,
1998; Alfandari et al., 1997). Mouse ADAM 12 and ADAM 19 function in the
formation of bone (Harris et al., 1997; Inoue et al., 1998; Abe et al., 1999), and
SpADAM likewise is expressed by skeletogenic cells. ADAM 13 is not
expressed solely in mesoderm, but also in the neural plate and cranial neural

crest cells (Alfandari et al., 1997). In addition to its expression in bone, mouse
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ADAM 19 is also expressed in neural crest-derived ganglia and ventral horns of
the spinal cord during neurogenesis (Inoue et al., 1998; Kurisaki et al., 1998).
The expression of SpADAM in the preoral ectoderm associated with the sea
urchin larval apical ganglion may correspond to the expression of ADAM 13
and ADAM 19 in vertebrate neural plate derived tissues.

Analysis of the primary structure of SpADAM indicates it is closely
related to vertebrate ADAMs 12, 13, and 19. Expression patterns of SpADAM
and these vertebrate ADAMs are also very similar. It appears that not only has
molecular structure been preserved, but remarkably, expression in certain types
of cells is also shared. It appears possible that within the deuterostomes,

structure and function of this group of ADAMs have been strongly conserved.
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