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Abstract Echinoderms possess a rigid endoskeleton composed of calcite and small
amounts of occluded organic matrix proteins. The test (i.e., the shell-like structure
of adults), spines, pedicellariae, tube feet, and teeth of adults, as well as delicate
endoskeletal spicules found in larvae of some classes, are the main skeletal
structures. They have been intensively studied for insight into the mechanisms of
biomineralization. Recent work on characterization of the mineral phase and
occluded proteins in embryonic skeletal spicules shows that these simple-looking
structures contain scores of different proteins, and that the mineral phase is com-
posed of amorphous calcium carbonate (ACC), which then transforms to an
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anhydrous ACC and eventually to calcite. Likewise, the adult tooth shows a similar
transition from hydrated ACC to anhydrous ACC to calcite during its formation,
and a similar transition is likely occurring during adult spine regeneration.
We speculate that: (1) the ACC precursor is a general strategy employed in
biomineralization in echinoderms, (2) the numerous occluded proteins play a role
in post-secretion formation of the mature biomineralized structure, and (3) proteins
with “multi-valent” intrinsically disordered domains are important for formation of
occluded matrix structures, and regulation of crucial matrix—mineral interactions,
such as ACC to calcite transitions and polymorph selection.

7.1 Introduction

There has been substantial interest in the echinoderm skeleton, especially that of sea
urchins, for centuries. Skeletal elements of echinoderms are abundant in the fossil
record and, hence, important in paleontology and evolutionary studies. The
enveloping shell-like surface, the test, is often admired for its decorative beauty,
and for its toughness and strength, which are very different from pure calcite.

The phylum Echinodermata is comprised of five extant classes: sea urchins and
sand dollars (echinoidea), sea lilies (crinoidea), sea stars (asteroidea), brittle stars
(ophiuroidea), and sea cucumbers (holothuroidea). This phylum and the phylum
Hemichordata are the closest relatives of the chordates, which include the
vertebrates. Members of these three phyla are the only animals with deuterostome
mode of embryonic development, i.e., the site of gastrulation becomes the anal
pore of the larva or adult. The echinoderms have a hard, mineralized endoskeleton,
which is a composite of calcite and an organic matrix, while the vertebrate
endoskeleton uses calcium phosphate.

The sea urchin embryo is well suited for biochemical and molecular studies, and
identification and characterization of biomineralization proteins have steadily
increased in recent years. There is also intense interest in the mineral phase of
skeletal elements in both larva and adult, as well as in the relationships of organic
matrix and mineral, and biomechanical properties of the skeletal elements. We shall
concentrate in this review on a discussion of recent work on matrix proteins, on
relationships of matrix to mineral, and on recent progress in understanding the
crystal orientation in skeletal elements, and the mineral precursor phases.

It is not feasible to cite or discuss all the important and pioneering studies on
these subjects. Much of the older literature is thoughtfully discussed in books by
Simkiss and Wilbur (1989), and by Lowenstam and Weiner (1989). The chapter by
Raup (1966) on the echinoderm skeleton is also useful. Work on biomineralization
in classes other than echinoids is sparse, and is discussed in a review by Wilt et al.
(2003). Decker and Lennarz (1988) have surveyed earlier studies of spicule forma-
tion, and Wilt and Ettensohn (2007), and Wilt and Killian (2008) have published
reviews of the recent findings on the genes that encode proteins associated with
biomineralization in sea urchins.
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7.2 Formation of the Endoskeleton in the Embryo

7.2.1 Spicule Formation

The development of the larval endoskeleton in indirectly developing sea urchins
(i.e., those that develop through a larval stage) has been studied extensively by
embryologists since the late 1800s. The formation of the larval endoskeleton can
be followed in real time under the microscope. At the dawning of modern experi-
mental biology, the endoskeletal spicules found in sea urchin larvae were the
morphological characters Boveri used in his discovery that chromosomes were
the carriers of heredity (Laubichler and Davidson 2008).

The embryology of spicule development has been described in detail by Okazaki
(1975a, b), and more recently by Wilt and Ettensohn (2007). At the fourth cell
division, four of the resultant 16 cells are clustered at one pole, and are termed
micromeres, since they are smaller than the other blastomeres (see Fig. 7.1). At the
fifth division, each micromere gives rise to two cells, the larger of which is uniquely
dedicated to formation of a skeleton. The so-called large micromeres continue to
divide, forming a cohort of 32—64 cells (depending on the species) located in the
wall of the vegetal hemisphere of the blastocoel. Just before the invagination
movements of gastrulation begin, these micromere descendants, which are epithe-
lial cells, transform into motile mesenchymal cells and burrow through the base-
ment membrane, entering the blastocoel, where they wander, exploring the wall of
the blastula for several hours, concomitant with the invagination of the archenteron
(primitive gut) during the early phases of gastrulation. These large micromere

R

Vegetal Pole 4 micromeres Primary mesenchyme
(PMC)
PMC ingresses Beginning of spicule Larva

Fig. 7.1 The embryonic development of endoskeletal spicules. Diagrams of several stages are
shown, with emphasis on the origin of the spicules. The primary mesenchyme cells and the
cytoplasm of the egg from which they derive are black. Spicules are indicated by thick solid
lines in the mid-gastrula and pluteus larval stages. The egg is about 100 pm minimum diameter and
the larva is about twice that size. Reprinted by permission of Elsevier Publishing from Wilt (1999)
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Fig. 7.2 A stained prism-stage embryo. A late prism-stage embryo of Lytechinus pictus was
stained with an antibody to the spicule matrix protein, LpSM30 (green) and with an antibody to a
PMC-specific cell surface antigen (red). The doubly stained PMC cellular syncytium and spicule
are yellow. There is sufficient background staining with the anti-LpSM30 antibody to outline
the larva and the developing gut, which runs approximately on the horizontal in this micrograph.
The prism-stage embryo is about 180 pm in diameter. Photo courtesy of C.E. Killian and F.H. Wilt

descendants, which are now called primary mesenchyme cells (PMC), then form a
stereotypical array in the vegetal portion of the blastocoel, and adjacent PMCs fuse
to form a multicellular syncytium, as shown in Fig. 7.2.

The fused PMCs form long cables between cell bodies, and soon after, syncy-
tium formation granules of calcite can be detected in two ventrolateral locations
where PMCs are congregated. The embryonic endoskeleton forms by extension of
three rays of CaCO; from each of two calcite rhombohedra, first in a plane defined
by the a crystallographic axes. The extending spicules, adding mineral principally
at the tips and to some extent increasing in girth, then bend to extend in the direction
of the c¢ axis, and form the elaborate skeleton reminiscent of a Victorian easel;
hence, the larva is called a pluteus, Greek for easel (see Fig. 7.2). Okazaki (1975a)
devised a method for purification of micromeres, which can then be cultured. They
recapitulate the formation of spicules in vitro by the same processes and at the same
tempo as the intact embryo.

Secondary branches can arise to produce a more elaborate skeleton in many
species, and clumps of syncytial PMCs at the extending tip serve as sites of
further elongation during larval growth and development (Gustafson and Wolpert
1967). It is important to underline the fact that spicules form only in very close
association with the syncytial cables connecting PMC bodies; hence, the macro-
scopic anatomy of the skeleton is dictated by the positions of the PMCs. The
membrane-limited space in which mineral and matrix deposition occurs seems to
be entirely enclosed by the cell membrane of the syncytial cables, a seeming
vacuole, though more recent studies support the idea that the membrane
surrounding the spicule is actually surface plasmalemma that enrobes the spicule;
hence, the spicule is a result of vectorial (i.e., directionally secreted) secretion into
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a privileged space inside the syncytium that is topologically outside the cell,
although it is enrobed by the cell membranes of many PMC cells fused together.
A more detailed discussion of this issue can be found in Wilt and Ettensohn
(2007) and Wilt (2002).

The morphology of the spicules formed is dictated primarily by PMCs. But the
gross anatomical placement of the spicules within the blastocoel depends on the
properties of the overlying ectodermal layer of the embryo (Ettensohn and Malinda
1993; Guss and Ettensohn 1997). It has recently been shown that the initiation of
calcite formation depends on signaling by the ligand VEGF (Duloquin et al. 2007),
which emanates from a small number of ectodermal cells that immediately overlie
the congregations of PMCs in the ventrolateral aspects of the blastocoel of the early
gastrula stage. A small number of cells that express the homeobox transcription
factor, Otp, produce the VEGF signal (Dibernardo et al. 1999). PMCs express
VEGEF receptors for transduction of this ectodermal signal, and initiation and
maintenance of calcification depend on this signaling.

7.2.2 Calcium

The calcium of the spicule (and presumably the Mg as well, though it has not been
studied) comes from the sea water, as shown by use of isotope studies. (Nakano
et al. 1963) Reduction of the Ca concentration of sea water (normal is ~10 mM)
below 2—4 mM causes spicules that develop to be malformed. Even lower Ca levels
result in irregular, small, mineralized masses, and a generalized deterioration of
normal embryonic development (Okazaki 1956). The PMCs must possess very
active Ca transporters, presumably with high capacity and low affinity, but they
have not been identified or characterized. Beniash et al. (1999) visualized intracel-
lular deposits by electron microscopy that were identified as Ca precipitates,
presumably CaCOj;. These did not display x-ray diffraction patterns and were
believed to be amorphous; after heating of the sample, these deposits diffracted
as calcite. After the initiation of triradiate spicule formation, birefringent granules
have not been observed in PMCs in living embryos or cultures (see Okazaki 1960);
so, either the imported Ca is segregated in intracellular vesicles containing super-
saturated Ca solutions, or the precipitated material must be below the resolution of
the light microscope, or in a state that is not birefringent.

This role of intracellular calcium deposits was recently addressed by using the
Ca fluorophore calcein, a fluorescein derivative that is intensely fluorescent when
incorporated into calcium-containing precipitates. Wilt et al. (2008b) used calcein
pulse labeling to follow calcium delivery to spicules. They found that brief pulses of
calcein-containing sea water, followed by rinsing and culture in normal sea water,
resulted in an initial labeling of intracellular submicron sized granules, followed by
their clearance from the cell and subsequent appearance of label in developing
spicules, particularly near the tips of the extending spicules. They interpreted this as
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evidence for an intracellular precipitated, noncrystalline Ca precursor that is shut-
tled along the syncytial cytoplasmic strand and secreted into the syncytium in
which the spicule forms.

7.2.3 Occluded Proteins

Spicule matrix proteins are also synthesized and secreted by PMCs; thereafter, the
proteins can be found occluded within the mineral phase. The earlier literature on
this subject can be found in the review of Decker and Lennarz (1988). There has
been very little work done on the synthesis, delivery, and occlusion of these
proteins during spicule formation. Benson et al. (1989) demonstrated, using poly-
clonal antibodies against an undefined mixture of matrix proteins from the spicule,
that intracellular vesicles, which contained putative matrix proteins, could be
identified in PMCs. The first matrix proteins studied by modern methods, SM50
and SM30, have been the subject of several studies. Ingersoll et al. (2003) using
immunoelectron microscopy and affinity-purified antibodies showed that both of
these proteins are found in the Golgi apparatus and in transport vesicles (approxi-
mately 50 nm in size), that deliver their contents to the space in which the spicule is
formed. Wilt et al. (2008b) followed GFP-tagged versions of SM30 and SM50; in
both instances, the PMCs harboring the transgene secreted GFP-tagged SM30/50
into the spicule space near the PMC of origin. This finding contrasts with the
delivery of calcium, which shuttles primarily to the extending tip. The kinetics of
secretion of **S-labeled SM30 were followed in PMCs by immunoprecipitation of
the protein in the cell and spicule, formed in culture. It took about 20 min after the
introduction of label for secreted proteins to begin accumulation in the forming
spicule, and the SM30 delivered to the spicule had a somewhat lower molecular
mass, indicating that processing of the protein had occurred during the secretion
and/or spicule assembly steps.

There are a variety of studies that characterize the cell biology of spicule forma-
tion. Inhibitors of metalloproteases stop spicule elongation (Ingersoll and Wilt 1998;
Huggins and Lennarz 2001), though this inhibition does not interfere with initial
formation of the calcite rhombohedra in the PMC:s. It is no surprise that inhibitors of
ion transport have a deleterious effect (e.g., Mitsunaga et al. 1986). The mechanism
(s) by which vectorial secretion of matrix proteins is accomplished is unknown. We
do know that PMCs secrete many other molecules, including collagens and
proteoglycans, into the blastocoel (Benson et al. 1990), but such molecules are not
found occluded in the spicule, nor are spicule proteins found in the blastocoel.

Finally, it is important to remember that spicule formation may only represent
one mode of biomineralization. The biomineral is not assembled on a scaffold at
some distance from the cell, as is the case in mollusks, or vertebrate bone, but in
intimate contact with the cell. The spicule is completely enrobed by syncytial
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membrane and a cytoplasmic sheath without any intervening space, as was shown
by Beniash et al. (1997).

7.2.4 Formation of Postembryonic Skeletal Elements

Larvae that survive the rigors of life in the plankton will eventually settle on a
suitable substrate, and undergo metamorphosis. The larval structures subsequently
wither and disappear, leaving a juvenile sea urchin (Smith et al. 2008). Drawings of
advanced larvae show the relationships of the echinus rudiment to the larva more
clearly than do microphotographs (see Fig. 7.3). The juvenile urchin forms within
the body space, the former blastocoel of the embryo while the growing larva is still
part of the plankton. A portion of the larval foregut, in association with cellular
descendants of the “small micromeres,” which are generated at the fifth cleavage
division, gives rise to a rudimentary structure (called the echinus rudiment) that
gradually forms a miniature version of the mature sea urchin. The rudiment
gradually assumes a more familiar morphology possessing the pentaradial form
characteristic of echinoderms. Early in development of the rudiment, small test
plates form and become calcified. Tube feet and spines will also become apparent.
By the time the juvenile is a few millimeters in diameter, it will have calcified test
plate elements, spines, and teeth.

The morphological details of appearance and growth of the adult endoskeleton
have been little studied. Some recent work by Yajima and Kiyomoto (2006);
(Yajima 2007) has established that cells responsible for juvenile calcified endoskel-
eton are not PMCs, but rather a related yet distinct embryonic lineage called
secondary mesenchyme cells. Smith et al. (2008) worked out a detailed atlas of
developmental stages of metamorphosis of Strongylocentrotus purpuratus and were
able to use specific antibodies directed against endoskeleton-specific proteins to
chart the early development of the endoskeleton. Calcified structures in the juvenile
are often found arising in close conjunction with larval spicules. Continued devel-
opment of spines, test plates, and pedicellariac has been studied by electron
microscopy (Ameye et al. 1999, 2001). It is generally believed that cells closely
associated with biomineralized structures in the adult are responsible for their
deposition, a reasonable supposition, though detailed evidence is often lacking,
except for the cases of the spine and tooth, which we shall consider in due course.

Classical descriptions of the gross and microanatomy of the juvenile endoskele-
ton — the test plates, teeth, and spines — can be found in Hyman (1955). The
presence in the adult of a few of the characterized matrix proteins of sea urchins
has been verified by Western blotting of extracted matrix proteins (Killian and Wilt
1996) or identification of the cognate mRNAs (George et al. 1991; Livingston et al.
2006). Immuno-labelling electron microscopic localization of SM30 and SM50 in
pedicellaria and spines of the adult was done by Ameye et al. (1999). We shall
restrict subsequent discussion to more recent work on the fine structure of the
spicules, the tooth, and the spine.
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Fig. 7.3 Development of the larva of S. purpuratus. Seven stages of development of the pluteus
larva during its residence in the plankton. The development of the arms, the skeletal rods, and the
gut are emphasized. The echinus rudiment, which will form the juvenile sea urchin after meta-
morphosis, can be seen emerging from the left side of the midgut in stages V-VII. The body axes
are: L-R = left-right; A-P = anterior-posterior; AB-AN = Aboral-Abanal. Reprinted by permis-
sion of John Wiley and Sons from Smith et al. (2008)

7.2.5 Recent Work on the Structure and Composition
of the Embryonic Spicule

The gross morphology of the endoskeletal spicule in the pluteus stage is a species-
specific character. The location of branches, small spurs, and fenestrations is
reproducible and specific. Okazaki and Inoue (1976) carried out pioneering work
on the orientation of the crystal axes, and showed that the founding mineral granule
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appeared as a rhombohedron of calcite. Various workers (Okazaki 1960; Beniash
et al. 1997) demonstrated a putative surface “envelope” composed of organic
material, and Benson et al. (1983) gave clear morphological evidence for a network
of occluded organic molecules in the demineralized spicule. Gentle etching of
fractured surfaces revealed a lamellar organization of the mineral, much like
growth rings of a section of a tree trunk (Seto et al. 2004). It was proposed that
these lamellae could be formed from the periodic deposition of additional layers of
mineral that are responsible for increase in girth of the spicule during its develop-
ment, but there is no direct evidence for that proposal (Seto et al. 2004).

Using affinity-purified antibodies against SM30 and SM50 Seto et al. (2004)
showed by immunoelectron microscopy that fractured, etched surfaces were spe-
cifically labeled, thereby providing direct evidence for occlusion of these matrix
proteins. Both these proteins, especially SM50, are also found on the external
surface of the spicule. The picture that emerged is one of well (but not perfectly)
aligned domains of calcite (Berman et al. 1993) in which a fibrous network of
occluded matrix proteins traverse boundaries between domains.

One goal of research on biomineralization is the identification, enumeration, and
function of organic molecules found on, or occluded within, the mineralized
structures. Polysaccharides and proteins dominate the lists in the various
biomineralized tissues that have been closely examined. Application of the methods
of molecular biology has been especially helpful since occluded matrix proteins
often resist routine methods of protein purification and characterization. An
extended discussion of the approaches and results can be found in reviews by
Wilt and Ettensohn (2007) and Killian and Wilt (2008). Suffice it to say that even
though the protein content of the sea urchin spicule is very low (~0.1% by mass,
Wilt 1999), there are apparently over 40 different proteins of which most, but not
all, are acidic and glycosylated'. Only one of these 40 has been subjected to a
rigorous test of its functional role: synthesis of SM50 during embryonic develop-
ment is essential for spicule formation (Peled-Kamar et al. 2002; Wilt et al. 2008a).
While SM50 is necessary for spicule formation, the exact nature of the role SM50
plays has not been elucidated. It might be instructive to engineer and express
counterfeit versions of SM50 to see if particular portions of SM50 can act as a
“dominant negative”.

The genome of S. purpuratus has been sequenced and annotated, and an enu-
meration of genes known to be involved in spicule formation and/or structure
compiled (Livingston et al. 2006). These proteins are mostly acidic, glycosylated,
secreted and contain a C-lectin domain. The necessity and/or function of any of
them, except SM50, is unknown. We should also remember that proteins important
for spicule formation may not necessarily end up occluded in the composite, e.g.,
the apparent important role of metalloproteases.

"Recent proteomic work demonstrated over 200 proteins in the spicule (Mann et al. 2010).
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PMC-specific gene expression has also been analyzed by analysis of ESTs of a
PMC cDNA library (Zhu et al. 2001). They identified a transmembrane protein,
P16, that is essential for spicule formation, as judged by gene knock-down
experiments (Cheers and Ettensohn 2005). It is a straightforward matter to use
new, powerful methods of protein identification to obtain a complete list of
occluded proteins in the spicule, which has been done for the sea urchin tooth
and spine (Mann et al. 2008a, b; Mann et al. 2010).

7.3 ACC: Discovery, Importance, and Implications
in Other Systems

A resurgence of interest in amorphous minerals was motivated by the discovery by
Beniash et al. (1997) that spicules isolated from sea urchin embryos, especially
those from earlier stages (e.g., prism) prior to the mature pluteus larva, have
substantial amounts of amorphous calcium carbonate (ACC) as identified by
Fourier Transform InfraRed (FTIR) spectroscopy. This has been confirmed by a
variety of other physical techniques, including visible light polarization and X-ray
absorption near-edge structure (XANES) spectroscopy (Politi et al. 2006, 2008).
Though stable forms of ACC containing equimolar amounts of hydration water and
CaCOj; are known in ascidians, crustaceans, and other animals and plants,
(Lowenstam and Weiner 1989), the ACC of the sea urchin embryo slowly
transforms to calcite, so that the developing larva (a day or two after attaining the
pluteus form) has little ACC. Furthermore, isolated spicules that are stored at
—20°C still slowly transform ACC to calcite (Beniash et al. 1997). Synthetic
ACC prepared in the laboratory is unstable and quickly transforms to the most
stable polymorph, calcite, in minutes, not hours or days.

The ACC found in spicules is apparently not an isolated example. The presence
of amorphous precursor minerals was also observed in regenerating spines of sea
urchins (Politi et al. 2004), in the forming end of the sea urchin tooth (Killian et al.
2009), in continuously growing fin rays of fish (Mahamid et al., 2008), and in
forming tooth enamel from mouse incisors (Beniash et al. 2009). ACC has also been
implicated in the formation of mollusk shells (Weiss et al. 2002; Nassif et al. 2005),
although a recent report did not find ACC in newly deposited nacre (Kudo et al.
2010). An obvious implication of these diverse findings is that formation of an
amorphous phase of the mineral, as a metastable precursor to calcite, aragonite, or
carbonated apatite, might be a general tactic used in biomineralization. We shall
consider that proposition near the end of this review.

Possible atomic structures of synthetically produced ACC have been
investigated using x-ray scattering (Michel et al. 2008; Goodwin et al. 2010), but
heretofore the ACC structure has not been investigated in biomineral amorphous
precursors. The mode of crystal formation and propagation has been analyzed by
Politi et al. (2008) and by Killian et al. (2009). Politi et al. found that there are two
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amorphous precursor phases in the sea urchin spicule, one of which is hydrated, and
shows spectra exactly equivalent to those of synthetic hydrated ACC. Another
phase may be anhydrous ACC, but at the time that work was published, there was
no synthetic equivalent to compare the spectra to. The final phase is calcite, as
expected, and its spectra are similar to those of geologic and synthetic calcite (Politi
et al. 2008). A recent study by Radha et al. (2010) showed that the synthetic
anhydrous ACC and spicule ACC have the same enthalpy of transformation into
calcite, thus providing strong evidence that the intermediate phase in spicules is
indeed anhydrous ACC.

Although echinoderm biominerals behave as single crystals of calcite in
polarized light and X-ray diffraction, they do not cleave as crystals. Their fracture
surfaces are conchoidal, with curved surfaces and curved edges reminiscent of
amorphous glasses. Elegant work by Berman et al. gives compelling evidence that
the conchoidal fracture is due to proteins. Calcite rhombohedra were grown in vitro,
in the presence of acidic glycoproteins extracted from sea urchin skeletal elements.
Not only did the synthetic calcite rhombohedra occlude the proteins, but they also
fractured conchoidally (Berman et al. 1988).

This pioneering experiment, and many others that followed it, raise an interest-
ing question: how can a very small amount of organic molecules, e.g., 0.1w% in
spicules, make the fracture surface so macroscopically different from a cleavage
plane of a crystal? We propose that layers (atomic layers in a crystal or sheets of
paper in a sheaf) do not need to be “glued” together extensively. A few spots of
“organic glue” between each pair of subsequent layers are sufficient to keep the
sheaf or the crystal together, thereby preventing cleavage into separate layers.
Hopefully, this hypothesis can be evaluated by obtaining more detailed information
about the exact locations of occluded proteins in the skeletal structures discussed
here.

7.4 Recent Work on the Adult Spine

The iconic feature of sea urchins is their adornment of spines, which can range from
millimeters to scores of centimeters, depending on their location on the test, and on
the species. Spines are long and tapered columns of calcite, ending in a sharp point,
well designed for defense and abrasion. Their spongy texture provides spaces for
several different kinds of dermal cells, and coelomocytes. The surface is covered
with an epithelium, meaning that these hard conspicuously external elements are
truly endoskeletal.

Figure 7.4 shows the mineralized portion of a spine after bleaching and trans-
verse fracture. The young spine is trabecular and fenestrated, as is the forming test
plate. This morphological structure is termed “a stereom.” As the spine matures,
it becomes more and more heavily mineralized, displaying radially arranged sectors
connected by transverse bridges. Sometimes the center is hollow and occupied by
cells, sometimes occupied by both cells and extracellular matrix.
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Fig. 7.4 Scanning electron micrographs of secondary spines from the sea urchin Paracentrotus
lividus. The direction of the c axis of the calcite crystal is indicated by the arrows. (a) Intact spine.
(b) Fracture surface of a young spine, showing the spongy structure of the stereom. (¢) Fracture
surface of the mature spine, showing the development of the sectors that filled the stereom. Note
the difference in the sizes of the young and mature spines. Data from Aizenberg et al. (1997).
Reprinted by permission American Chemical Society

Examination by X-ray diffraction or polarized light demonstrates that the spine
is a remarkably co-oriented single crystal, with the ¢ crystallographic axis parallel
to the long axis of the spine. Figure 7.5 shows a recent result demonstrating that the
spine co-orientation is accurate even when observed at much higher resolution with
electron diffraction.

Synchrotron X-ray diffraction measurements show that there are domains of
perfect crystallinity about 210-235 nm along the long axis (160 nm along the
orthogonal transverse axis), and these domains are very well aligned, displaying
about 0.130° of variation in alignment of neighboring domains. Geological calcite
shows perfect domains of about 800 nm with only 0.003° of misalignment (Berman
et al. 1993; Magdans and Gies 2004). The difference between the spine and pure
calcite is thought to arise because of the presence of about 0.1w% of occluded
organic material (mainly protein) and variable amounts of Mg*? ions (~2—12%) in
the calcite of the spine. The Mg content of the calcite is believed to confer
additional hardness, and is somewhat higher toward the base of the spine. Mg
content can also vary with ocean temperature as well as species.

The structure of the spine at the light and electron microscope level was
examined in detail by Heatfield and Travis (1975), looking at the cells in the
stereom and epithelial covering as well as the mineral (also, Markel 1983a, b).
The spine elongates by deposition of fenestrated columns of mineral by dermal
sclerocytes (sometimes called calcoblasts).

Not much is known about the proteins occluded in the calcite of the spine.
Earlier work on occluded proteins of embryonic spicules showed, in passing, that
both SM50, and some forms of SM30 are present in the spine Killian and Wilt
(1996), and Ameye et al. (1999, 2001) used immunohistochemical methods to
demonstrate the presence of both these proteins in forming pedicellariae and spines.
More recently, Killian et al. (2009) have used polymerase chain reaction (PCR) to
analyze which isoforms of SM30 mRNA are present in spine tissues, and found that
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[a]

Fig. 7.5 Electron back-scattered diffraction (EBSD) analyses of P. lividus spine. (1): Transverse
and (2): Longitudinal cuts. (1a): Cartoon of spine with position of section indicated. (1b) and (1d):
EBSD crystallographic orientation map, according to color key in (1a), of region presented in (1¢)
as the secondary electron image. Wire frames in (1c¢) indicate that the c-axis is parallel to the spine
long axis. (2). Cartoon of spine with positions of sections in (2a) and (2b) indicated. (2a) and (2b)
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SM30 D is dominant, with only low levels of some of the other forms. This is
unusual since SM30 D is completely missing in the embryo and is a very minor
component in test, teeth, and tube feet. Mann et al. (2008a) have recently published
a very thorough proteomic study of the proteins occluded in the spine; there is a
very large number, including many of those found in embryonic spicules. SM50,
C-lectin-containing proteins, carbonic anhydrase, MSP 130, and proteases were
also well represented.

Most of the characterization of spine growth and maturation has been carried out
by studying the process of spine regeneration, a process known at least since the
mid-nineteenth century. Figure 7.6 depicts the stereom of the tip of a regenerating
spine. Elongation of the spine occurs first in the center of existing truncated
material by deposition of thin trabeculae; subsequently, lateral “branches” of
mineral are laid down and girth is increased. Newly deposited spine is gradually
filled in with additional mineral so that the spongy nature of the stereom decreases
and prominent columns of calcite dominate. A review of studies of spine regenera-
tion by Dubois and Ameye (2001) provides a good overview of the subject.

The nature of the newly deposited mineral at the tip of a regenerating spine has
been studied by Politi et al. (2004). They provided evidence using etching, FTIR,
and electron microscopy that the newly deposited mineral is ACC, initially proba-
bly in a hydrated form, which is later gradually transformed into anhydrous ACC
state, and finally into calcite. This is reminiscent of the findings on the growing tip
of the sea urchin embryo spicule, and corroborates the idea that deposition of ACC
as a precursor is a general mode of biomineralization of calcite in echinoderms.

7.5 Recent Work on the Adult Tooth

7.5.1 The Mineral Structure of the Sea Urchin Tooth

Sea urchins use their teeth to bite food, but also to burrow into rocks and shelter
their bodies from predators (Moore 1966; Nelson and Vance 1979) and from
pounding waves (Otter 1932), as seen in Fig. 7.7. In all sea urchins, five teeth are
continuously forming at their proximal end (the plumula) and are worn by grinding
at their distal end (the tooth tip). They are arranged and supported in a jaw-like
apparatus called Aristotle’s lantern (Fig. 7.7), as it was first described by Aristotle
in his Historia Animalium, in 343 BCE.

The tooth structures in several sea urchin species are remarkably similar: the
tooth is elongated, slightly curved, approximately 2-cm long, and it has a T-shape
cross section (Kniprath 1974; Ma et al. 2008; Markel and Titschack 1969; Wang

Fig. 7.5 (continued) are EBSD crystallographic orientation maps according to the same color key
These maps also indicate that the c-axis is parallel to spine long axis. Data from Moureaux et al.
(2010). Reprinted by permission from Elsevier Publishers
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Fig. 7.6 The tip of a
regenerating spine. This early
stage of a regenerating spine
tip shows the fenestrated,
reticular stereom of the spine.
Arrows indicate the presence
of lateral bridges between
developing columns of calcite
sectors. The spine was
prepared by chemical
debridement of tissue using
NaOCl and examined by
SEM. Reprinted by
permission of John Wiley and
Sons from Dubois and Ameye
(2001)

Fig. 7.7 (a) Purple sea
urchins (S. purpuratus) in the
intertidal zone at Pt. Arena,
California. Notice that each
urchin is sheltered into a hole,
which it dug into the rock
substrate using its teeth.
Photo courtesy of C. E.
Killian. (b) The five tooth
tips slowly open and close
radially. Photo courtesy of

P. Gilbert. (¢) The Aristotle
lantern extracted from the
animal, with the tooth tips
visible at the bottom, and the
side of one tooth indicated by
the arrow. Photo courtesy of
P. Gilbert

et al. 1997; Wang 1998; Ma et al. 2007). The top part of the T is commonly termed
the flange; the vertical part of the T is the keel. The flange contains curved calcitic
plates, spaced at a few microns from each other. Calcitic fibers with varying
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1 mm

1 mm

Fig. 7.8 Schematic of a Strongylocentrotus purpuratus tooth tip in longitudinal section (a) and
cross section (b). The plates (p) are highlighted in red, the fibers (f) in blue. Plates and fibers are
cemented together by a polycrystalline matrix (green). Notice that the fibers change diameter
across the keel (k), becoming thicker as they grow away from the plates. The stone part (s),
highlighted in cyan, is an elliptical region at the center of the tooth cross section, in which the
nanoparticles of the polycrystalline matrix reach their highest Mg concentration. At the grinding
tip (¢), the stone part is exposed, after plates and fibers are shed off. Images courtesy of P. Gilbert

diameter start at the ends of the plates, and extend with an S-shape morphology
across the keel. Figure 7.8 provides a schematic view of the tooth and its elements.

The five calcitic teeth of an adult sea urchin are continuously growing at a rate
of approximately 10 um per hour at the forming proximal end (Holland 1965;
Orme et al. 2001), while the grinding distal end wears off and self-sharpens
Killian et al. (2011). The larger structural components of the tooth — plates and
fibers — are formed by syncytia of odontoblasts in the plumula at the proximal end
of the tooth (Kniprath 1974; Ma et al. 2008), as shown in Fig. 7.9.

As for all other echinoderm biominerals (Brusca and Brusca 1990), the
mineralized structures in the sea urchin tooth are highly co-oriented (Berman
et al. 1993; Killian et al. 2009). Killian et al. (2009) recently showed that all plates
are topologically connected by mineral bridges, thus a single crystal orientation
propagates through all plates with spatial continuity. The bridges are shown in
Fig. 7.10. Sea urchin species from different oceans possess these same bridges,
demonstrating that plate co-orientation via mineral bridges is a highly conserved
strategy in biominerals found in sea urchins.

A polycrystalline matrix of ~10 nm particles Yang et al. (2011) of Mg-rich
calcite (Ca;_,Mg,COs), with x varying between 0.3 and 0.45 in different species
(Wang et al. 1997; Killian et al. 2009; Robach et al. 2009), subsequently fills the
space between the plates and the fibers, effectively cementing all components
together. This matrix was initially believed to be softer (Ma et al. 2007), but
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Fig. 7.9 Schematic diagram of the formation of plates in the plumula of the tooth of P. lividus.
Free odontoblasts (above and at micrograph edges) send the pseudopods (PP) to meet and fuse
with each other. The plate sheath (P) becomes a syncytium, and then calcification (red) begins at
the two opposite surfaces of the plate sheath. (O) is the organic material displaced as the mineral
grows and fills the syncytium. Adapted from Kniprath (1974) by permission of Springer Verlag
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Fig. 7.10 The mineral bridges connecting the plates in the Pacific S. purpuratus (left), the
Mediterranean P. lividus (center), and Atlantic L. variegatus (right). Data from Killian et al.
(2009). See the original publication and its supporting information to visualize the location of the
bridges on the sides of the flange. By permission of American Chemical Society

recently found to be harder (Ma et al. 2008) than plates and fibers. It is clear from
Fig. 7.8a that it is the polycrystalline matrix in the stone part that becomes the sharp,
hard tip of the tooth that does the grinding.

Recently, Ma et al. (2009) reported that the polycrystalline matrix is highly
co-oriented in P. lividus. Furthermore, Robach et al. (2009) demonstrated that
polycrystalline matrix and fibers share the same orientation in L. variegatus,
whereas Killian et al. (2009) and Yang et al. (2011) made the same observation
in S. purpuratus. These concurring observations raise an important question: how
does the polycrystalline matrix form and co-orient its crystal nanoparticles? Are the
nanoparticles aggregating before or after crystallizing? In other words, is this the
result of oriented attachment of crystalline nanoparticles, as first observed by Penn
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Fig. 7.11 Two stray fibers reveal how co-orientation arises. Spectromicroscopy results from a
region of a cross section at the mature end of an S. purpuratus tooth. (a) Map in which gray level
indicates crystal orientation. This map shows two strongly misoriented fibers (red asterisks). (b)
Mg distribution map from the same region in A, showing well-defined and sharp elliptical fiber
edges. Such strongly misaligned fibers are extremely rare in the sea urchin tooth, in which all other
fibers are co-oriented with each other and with the polycrystalline matrix. Despite the sharp edges
of the fibers in the Mg map, the map in A shows that the polycrystalline matrix surrounding and
between the two stray fibers is as misoriented as the fibers themselves. This indicates that the
nanoparticles in the polycrystalline matrix get their orientation from the fibers. Data from Killian
et al. (2009). By permission of American Chemical Society

and Banfield in TiO, (Penn and Banfield 1999), and FeOOH (Banfield et al. 2000),
and later in many other synthetic mesocrystals (Colfen and Antonietti 2008)? Or, is
this the result of an amorphous precursor phase forming first, with crystallinity
propagating through it subsequently (Aizenberg et al. 2003; Politi et al. 2008)?

This question was addressed in detail by Killian et al. (2009), who showed that,
indeed, amorphous precursor phases are aggregated first, and then crystallinity
propagates through them via a mechanism of secondary nucleation. Figure 7.11
shows the propagation front of crystallinity and crystal orientation, starting from the
fibers and expanding into the surrounding polycrystalline matrix.

Interestingly, spectroscopic analysis at the forming end of the S. purpuratus
tooth revealed for the first time that there are not one but two amorphous precursor
minerals (Killian et al. 2009). These precursor phases are identical to those reported
by Politi et al. (2008) in S. purpuratus larval spicules. The phases are hydrated
ACC, crystalline calcite, and another phase, which is presumably intermediate, and
presumably anhydrous ACC, although the order in which the phases occur during
tooth formation is unclear and difficult to detect. The aforementioned microcalo-
rimetry results by the Navrotsky group indicate that the enthalpy of transformation
from dehydrated synthetic ACC and calcite is very similar to that of forming
spicules. This similarity provides the first evidence, to the best of our knowledge,
that in sea urchin spicules the temporal sequence of phases is hydrated ACC —
anhydrous ACC — calcite. In addition, the microcalorimetry data confirm that this
sequence is thermodynamically exothermic, and thus energetically downhill
(Radha et al. 2010). We predict that the same sequence of transformations takes
place in the tooth.
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7.5.2 Matrix Proteins of the Tooth

The tooth elements are also known to contain organic material occluded in the
calcite. The entire mineralized portion of the tooth, ground and cleaned of adherent
material with NaOCl, has been subjected to proteomic analysis by Mann et al.
(2008b). Some 138 proteins were identified, 56 of which had been previously
identified by this group in test and spine. Major components were identical to
abundant proteins in test and spine, while some apparent tooth-specific proteins
were especially rich in alanine and proline.

Killian et al. (2010) using PCR methods demonstrated that mRNA encoding
SM30 E was very prominent both in mineralized portions and the plumula,
and earlier work showed that SM50 is present. Recent work by Veis and
his collaborators (Alvares et al., 2009) has identified a number of occluded
phosphoproteins. Two of them are identical to proteins identified in an EST library
of PMCs of the embryo, notably P16 and P19. P16 had been shown by Cheers and
Ettensohn (2005) to be a transmembrane protein whose function was essential for
embryonic spicule deposition. Alvares et al. (2009) showed using specific antibody
staining that P16, dubbed UTMP16 in the tooth, is found in syncytial membranes in
contact with mineral. Mann et al. (2010) have recently analyzed the tooth proteome
for the presence of phosphoproteins; they found 15 phosphorylated proteins, 13 of
which are unique to tooth tissue.

One of these, named phosphodontin, is rather prominent and contains 35 repeats
of an acidic 11-12 amino acid motif that is phosphorylated. Though the amino acid
sequence is not orthologous to any known vertebrate tooth protein, the sequence
and charge of the peptides indicate it is probably an intrinsically disordered protein.

7.6 Generalizations

Biomineralization processes in Echinoderms display certain general features. Min-
eralization proceeds in privileged spaces closely apposed by cellular processes, i.e.,
surrounded by phospholipid membranes. Large numbers of proteins, many of which
(but not all) are acidic glycoproteins, are secreted into this space, and ACC, perhaps
in the hydrated form, is also deposited into the same places. The ACC gradually
transforms to calcite, and some of the proteins are occluded within the forming
skeletal element. The details of initial assembly of ACC and protein are not clear,
but the slow conversion of ACC to calcite probably occurs by some atomic level
reorientation of anhydrous ACC to calcite via a secondary nucleation type of
propagation, presenting, at least temporarily, a patchwork of ACC and calcite.

In some respects, this is not so different from proposals made by others (Veis
2008): in this view, cells construct a structural matrix in a defined space, other
molecules then assist in orderly nucleation and regulation of crystal growth, habit,
shape, and size. One could argue that formation of shells in the extrapallial space
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adjoining the mantle of mollusks utilizes similar processes. These generalizations,
while providing a useful viewpoint, do not easily lead to experimentally testable
models. Just what are the matrix molecules? How do they participate? What
molecules preside over regulation of the transition from ACC to calcite or arago-
nite? Of amorphous calcium phosphates to carbonated apatite? How is the secretion
of molecules linked to attaining particular crystalline polymorphs?

New facts have emerged that may help inform some models. In our judgment,
these are:

1. Amorphous forms of the mineral can and do serve as precursors,

2. Very large numbers of protein-modifying enzymes are occluded in the amor-
phous mineral and could regulate transitions to crystalline state, polymorph
selection, resistance to fracture, and other properties of the crystal,

3. While there are few, if any, orthologs of occluded “matrix” proteins present in
shells, stereoms, or vertebrate teeth and bones, proteins with intrinsically disor-
dered domains play a crucial role in regulation of nascent mineralization.

We have already touched on the first point, and while the presence of an
amorphous precursor has not been shown to be near-universal, the examples have
been reported from three different phyla: echinoderms (Beniash et al. 1997; Politi
et al. 2004, 2008; Killian et al. 2009), mollusks (Weiss et al. 2002; Nassif et al.
2005), and chordates (Mahamid et al. 2008; Beniash et al. 2009). Thus the idea of
generalizing amorphous precursors is not unreasonable. Indeed, it helps explain
how crystalline biominerals can attain the wide variety of shapes that they do. It
should be noted, however, that Kudo et al. (2010) did not observe ACC in nacre
deposition in the Japanese oyster, Crassostrea nippona.

The second point is hinted at in the recent proteomic studies of echinoderm teeth,
test, and spines. An extraordinary number of different proteins are occluded; many
of them are present in amounts that are unlikely to be due to contamination, and
indeed, were identified earlier by methods with less resolution (Killian and Wilt,
1996). Of course, the presence of some organic components could be due to
contamination. Mann et al. (2008b) did compare protein content of ground tooth
fragments with and without treatment with NaOC]. The intentional “‘contamination”
indicated that many of the proteins provisionally classified as “occluded” (such
as carbonic anhydrase, metalloproteases, cyclophilins) are probably authentic
occluded proteins, although some very rare ones (e.g., histones) are more likely
contaminants. Therefore, the putative presence of proteases, e.g., indicates that post-
secretory modifications of matrix proteins can and probably do occur, and thus,
could be expected to participate in the regulation of changes in the mineral phase.

Third, and finally, there is now enough genomic information from vertebrates,
from the sea urchin, and from some mollusks and invertebrates, to prudently
conclude that major matrix proteins from one clade are not present in others. For
instance, the SM30 and SM50 protein families of echinoderms are not found in
mollusks or vertebrates. Dentinal phosphoproteins of vertebrate teeth are not found
in echinoderms or mollusks, and so on. What does emerge, however, is the presence
of proteins in mollusks, (AP24, Pif, nl6, etc.), echinoderms, and vertebrates
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(Sibling family proteins) that have extended domains termed “intrinsically disor-
dered” and can adopt different conformations when interacting with different
“targets”, such as crystal surfaces. Such proteins have been shown to participate
in polymorph selection (aragonite/calcite) in mollusks (Evans 2008; McMahon
et al. 2005; Metzler et al. 2010). In addition to IDP domains, domains with dense
clusters of negative charge, such as phosphates found in phosphophoryn of dentin,
could conceivably play similar roles in different biomineralizing systems. Perhaps
we should look for analogous function of certain domains, rather than specific
proteins, as a common thread in biomineralization.

There has been a radical shift in the kinds of models considered to explain the
formation of biominerals. Just a few decades ago, it would have been difficult to
foresee amorphous precursors and proteins with domains of poorly defined confor-
mation playing roles in biomineralization, but these are now well established. There
are exciting developments before us. Current research is so robust that we can
foresee considerable progress in the near future.
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