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1. ABSTRACT 

 
The camarodont echinoderms have five distinct 

mineralized skeletal elements: embryonic spicules, mature 
test, spines, lantern stereom and teeth. The spicules are 
transient structural elements whereas the spines, and test 
plates are permanent. The teeth grow continuously. The 
mineral is a high magnesium calcite, but the magnesium 
content is different in each type of skeletal element, varying 
from 5 to 40 mole% Mg. The organic matrix creates the 
spaces and environments for crystal initiation and growth. 
The detailed mechanisms of crystal regulation are not 
known, but acidic and phosphorylated matrix proteins may 
be of special importance. Biochemical studies, sequencing 
of the complete genome, and high-throughput proteomic 
analysis have not yet provided insight into the mechanisms 
of crystallization, calcite composition, and orientation 
applicable to all skeletal elements. The embryonic spicules 
are not representative of the mature skeletal elements. The 
next phase of research will have to focus on the specific 
localization of the proteins and individual biochemistries of 
each system with regard to mineral content and placement.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 
 Echinoderms have long been a subject of study of 
special interest to students of genetics and developmental 
biology and an extensive literature has been developed. In 
2006 the Sea Urchin Sequencing Consortium (1) published 
the complete genome of the Strongylocentrotus purpuratus. 
While most of the genes were involved with the 
developmental, metabolic and immunological aspects of 
functions of the urchins, several hundred genes were 
putatively ascribed to the processes of skeletal 
mineralization (2), a unique function in echinoderms as 
compared to other mineralized invertebrates, but possibly 
shared with the skeletogenesis in vertebrates.  The possible 
correlation of echinoids with vertebrates stemmed from the 
realization that the echinoderms were on the same 
evolutionary branch of deuterostomes as the vertebrates, 
although one could not fit the echinoderms and vertebrates 
into the classical morphological scheme of evolution (3). 
Adoutte et al. (4) proposed that the evolutionary 
development was more appropriately mapped by the 
ribosomal RNA, and on that basis, the echinoderms were 
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more appropriately related to the deuterostome vertebrates than 
to other protostome invertebrates such as molluscs or 
brachiopods. Although my laboratory had been focusing on 
mineralization related proteins of the vertebrate teeth and bone, 
we had come to the hypothesis that the same kinds of mineral-
related proteins might exist in the mineral-related skeletal 
elements of invertebrates (5) even though these mainly 
presented carbonate-based mineral. Our first experimental 
exploration of that hypothesis in 1986 (6), led us to determine 
that antibodies prepared to and specific to the phosphoproteins 
of bovine dentin, were cross-reactive with similar acidic 
proteins from the teeth of  Lytechinus variegatus, the common 
green urchins of the Gulf of Mexico. If not evidence of related 
evolution, it was at the least evidence that common strategies 
were developed in the regulation of biomineralization.  The 
work was little noted or appreciated at that time, but as this 
review will hopefully show, the vertebrate and invertebrate 
worlds do use many similar mechanisms and protein 
components to regulate biomineralization processes.   
 
 Echinoderms have amazingly complex body plans 
and a variety of skeletal elements that become mineralized by 
the deposition of a high magnesium calcite, called magnesian 
calcite. However, each of the principal skeletal elements may 
utilize a distinct pathway for regulation of the mineral 
deposition, and the Mg ion concentration can vary greatly in 
different skeletal elements of the same animal. In the sea 
urchin, the important distinct mineralized elements are the 
transient embryonic spicules of the pluteus, and the more 
permanent mineral of the spines, dermal skeletal plates, 
stereom and teeth of the adult animal. The presence of the 
stereom skeleton, appearing in the Early Cambrian about 520 
Ma, is the distinctive major echinoderm synapomorphy (7).  
This review is focused on the role and nature of the organic 
matrix components within or surrounding these skeletal 
elements. However, to understand the varied kinds of 
mineralized structures and the particulars of their formation, 
we need to briefly examine the body plan of the 
echinoderm and the morphologies of the skeletal elements. 
Since more is known about the genome and proteome of 
the camarodont sea urchins, their body plan and structure 
will be the focus of this discussion. 
 
3. BODY PLAN AND SKELETAL ELEMENTS OF 
THE MATURE ECHINOID, LYTECHINUS 
VARIEGATUS (Lv) 
 
3.1 Teeth and masticatory structure 

Figure 1a shows a hemisection of a mature L.v. 
illustrating the placement of the main mature calcified 
elements: spines, dermal plates and the masticatory 
structure consisting of five pyramids constructed from 
stereom, with each pyramid housing a tooth. The incisal 
edges of these teeth are at the adoral position. The teeth 
move within their pyramids in concert with each other 
extending a few millimeters below the oral cavity and 
taking in food by an abaxial-adaxial scraping action. The 
pyramid stereom structures are bathed in the coelomic fluid 
which contains the primary mesenchymal cells (PMC) that 
assemble and give rise to the stereom and the tooth 
structures. A more detailed view of a single pyramid and 
tooth is shown in Figure 1b (8, 9). In Figure 1bA the most 
aboral, lightly mineralized portion of the plumula has fallen 

away and only the heavily mineralized tooth and pyramid are 
visualized in the microCT scan.  About 2/3 of the tooth is 
within the pyramid. The pyramid stereom is highly fenestrated 
and porous. The tooth plumula is entirely visible in Figure 
1bB, and as will be shown in more detail shortly, is highly 
cellular and has a lower density than the remainder of the tooth 
as imaged. In an adult L.v. the tooth may be 25 - 30 mm in 
length.   As a camarodont, the L.v. tooth is flanged in a T-
shape. A cross-section view of a tooth such as that shown in 
Figure 1bB, at the position marked 3, would have the 
appearance shown in the SEM of a cut and polished section in 
Figure1c. (10) This view provides only the mineral 
components and one can see the complex number of structures 
of different thickness and spatial arrangement. The primary 
plates at the top of the flange form first and they grow 
independently from lateral edges of the flange. As illustrated in 
Figure 1dA, a 1µm histological section stained with toluidine 
blue, the primary plates growing from one side do not fuse 
with the plates advancing to the mid point (the umbo region) 
from the other side, rather upon close inspection of the 
syncytia under the umbo they appear to interdigitate. In 
between the mineralizing plates are the sheets of the 
multinuclear cellular syncytia. These primary plates form first 
and the mineral is deposited as guided by the cellular layers. 
The secondary plates on the underside of the keel are 
essentially continuous with the primary plates but are less 
tightly stacked.  The carinar process plates are thickened 
calcite structures which interlock to provide high strength to 
the keel.  Detailed descriptions of the tooth organization and its 
setting within the pyramid stereom are given by Stock et al. (8, 
9). An important point made evident in Figure 1dB is that a 
living cell syncytium pervades every part of the tooth, even at 
the most densely mineralized parts, and the syncytial cytosol 
and sparse cell nuclei persist all the way to the adoral incisal 
tip, Figure 1dC. The nuclei stained deep blue with toluidine 
blue within the multinucleated syncytial layers do not appear to 
divide after they leave the plumula region (11) but they are 
metabolically active and can produce proteins at all stages.  
 

One of the most interesting aspects of the tooth 
structure is the development of strengthening interplate 
columns, and structures along the mature flange called pillar 
bridges (12). We prefer not to use the interplate column and 
pillar bridge nomenclature, rather we designate the initial 
flange primary and secondary plates as first stage mineral and 
the later forming reinforcing mineral as second stage mineral 
(13) and emphasize that while both first and second stage 
mineral are calcite, they are sharply different in Mg content 
with the first stage mineral, often referred to as high Mg 
calcite, containing 4 to 10 % Mg and the second stage mineral, 
called very high Mg calcite, has 30 to 40% Mg. These 
structural elements clearly have different biomechanical 
properties.  Uniquely, each plate, needle or prism behaves as a 
single crystal or a polycrystalline array with all crystals having 
the same crystal c-axis orientation (12, 14, 15), the mechanism 
by which this is attained is an argument still unresolved 
 
3.2. Spines and body wall 
 Each plate of the body wall has, as shown in 
schematic Figure 2A, a primary and secondary spine. The 
external spines are also heavily mineralized and have much 
of the character of fenestrated stereom of the pyramids, but 
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Figure 1. Lytechinus Variegatus Tooth Apparatus.  a. Hemi section with intact Aristotles’ Lantern, containing 5 pyramids.  b. A. 
MicroCT  scan of a single tooth and pyramid. b.B.  An intact tooth, showing the complete mature aboral to adoral length, ~28 
mm. c. SEM of a polished cross-section of the tooth at position 3 (b.B.). d. Cross sections of a tooth at various positions from the 
aboral end, surface surface etched to expose organic contents, stained with toluidine blue. d.A.  Cross section at the beginning of 
keel formation, just aboral to position 2 in 1b.B. d.B. Cross section at position aboral to position 3 in 1b.B.. The white unstained 
regions show heavy concentrations of mineral not removed by surface etching. d.C. Cross section through the adoral tip. The 
central gray region is the end on view of the stone part. It is surprising to find that the tip is still coated with a few syncytial 
cellular layers Reproduced, with permission, from a,b (8, 9),  c (56).  
 
motile cells pervade the spine stereom and endow the 
spines with the ability to regenerate if the growing tip is 
damaged (15,17).   As pointed out by Heatfield and Travis 
(16,18),  and Kniprath (19) the stereom, teeth and coelomic 
fluid are populated by cells of a wide variety, distinguished 
by large numbers of vacuoles and inclusion bodies, and fat 
droplets and penetrated by mineral spicules which may or 
may not be bounded by intracellular membranes. As 
indicated in Figure 2A&B the spines are joined to the body 
wall by muscle (myocytes) and collagenous connective 

tissue. In the body wall and the spine fenestrated stereom, 
Figure 2B&C, the coelomocytes exhibit various functions 
and activities, including matrix biosynthesis, and 
biomineralization, as well as phagocytic remodeling and 
tissue repair, Figure 2C.   As in the urchin teeth, mineral 
spicules appear to take form inside membrane bounded 
regions, but it is not clear whether the membrane bounded 
spicules are intracellular or extracellular. A deep 
consideration of this is not really within the bounds of this 
review, but is a very important question in considering the  
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Figure 2.  A. Schematic of the attachment of primary and secondary spines to a test plate (15). B. A longitudinal section of 
a decalcified primary spine, revealing the organic matrix of the dermis D, within the base B, shaft S, and regenerate 
(repaired fracture, at fracture plane, FP) tissue, R. At the base, are the structures called the milled ring, MR, and the 
Muscle attachment, Mu. The clear spaces within the shaft and regenerate mark the locations of the mineral phase calcite. 
Ep denotes the epidermis. As shown in the transverse section in the inset, the Ep invaginates between calcite septa at the 
shaft surface (15). C.  A spine regenerate tip clearly showing the fenestrated calcite, as well as the heavy calcite septa (Se) 
surrounding the shaft, also shown in the FP cross section in the inset in 2b (16). Reproduced with permission. 
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Figure 3 a. (20) The PMC from the vegetal plate aggregate and migrate along the blastocel wall. Spicule formation begins in the 
center of the syncytium. b. (22) The triradiate spicule grows along the wall. c. (23) The spicule grows within the syncytial 
envelope with the connected PMC. d. (23) Upon demineralization the intraspicular organic matrix is revealed.  e. (21) The 2 
spicules define the structure of the bilateral pluteus. ar-post-oral rod; br-body rod; alr-anteriolateral rod. c-c-axis of entire 
triradiate spicule. With permissions. 
 
role of the matrix proteins in the mechanism of mineral 
formation (17, 18, 19). The problem will be discussed 
better in the next section related to embryonic spicule 
formation where more studies have been carried out, and 
have somewhat clarified the problem. While different types 
of sclerocytes probably follow specific pathways in 
forming their specific tissues, it is likely that similar basic 
cellular processes are involved. The sclerocytes in the 
pyramid stereom, spines and test plates appear to migrate 
and carry out mineralization independently, they are not 
compact or of defined shape, but exhibit many fillopodia 
and lamellae with complex internal membranes. In the 
tooth the lamellae form multinucleated syncytia (18). 
 
3.3. The Pluteus and embryonic spicule formation 
 The first mineral deposition within the urchin 
embryo is detected at the 32-64 cell level of the blastula 
where one can see the primary mesenchyme cells (PMC) 
enter the blastocel to cluster near the vegetal pole.  The 
PMC then migrate bilaterally forming two annular clusters, 
mesenchymal rings, in which the PMC fuse their processes 
to form independent cell syncytia, Figure 3a, as depicted by 

Okazaki (20), each of which forms a spicule, Figure 3e, 
demonstrating the pluteus bilateral symmetry.  
 
 The first mineral spicule appears in the central 
space created by the annular syncytium, and the very initial 
mineral deposit is a single crystal of calcite (21). This 
crystal grows into the triradiate spicule, Figure 3b, in which 
the longest structure is the body rod (br) which grows in the 
direction of the c-axis of the calcite (22). The cells 
surrounding the spicule and attached to each other by the 
spiculogenic syncytial envelope, Figure3c, contain 
inclusions called polymembranous granules Pg (which 
contain amorphous CaCO3 that is probably the source of the 
ions required for spicule growth (22). How the calcium 
carbonate is released from the granules and transported into 
the spiculogenic envelope and added to the calcite of the 
growing spicule is not understood. Beniash et al. (22) 
found that the growing spicule was a mixture of calcite and 
amorphous calcium carbonate (ACC) during growth, but 
transformed in the solid state to calcite during maturation. 
The presence of ACC in the spicule is considered to be a 
factor in the enhanced solubility of the spicules with 
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respect to the much lower solubility and higher stability of 
more pure calcite. The highly pitted surface of the spicule 
after exposure to water is in contrast to the smoothness of 
the calcite of the mature urchin tooth. However, in the in 
vivo situation, the spicules are covered by the membranes 
and syncytial matrix of the spiculogenic envelope and the 
question is how these membranes and macromolecular 
components of the matrix might affect the stability of the 
spicules and other skeletal elements, and how the syncytial 
clustered assembly of PMC at the anonymous rod induces 
direct calcite formation.  Clearly, the spicule is not pure 
calcite, but contains an embedded proteinaceous matrix, 
Figure 3d, that is revealed upon demineralization in the 
presence of a cross-linking agent (23), otherwise the 
components are solubilized during demineralization. It is 
interesting in both Figures 3d -e) to see that each cross-
linked spicule matrix retains the triradiate shape. Perhaps 
the protein matrix has a role in guiding the shape of the 
mineral of the spicule, or at least influencing the rates of 
growth in the axial directions.  
 
 Since the spicules are relatively simple in 
structure and easy to isolate they have been extensively 
studied in terms of matrix protein content and localization. 
Collagen had been suggested to be a component of the 
spicule matrix (24) but a detailed study of the composition 
of matrix obtained from spicules cleaned from attached 
cells showed no detectable hydroxyproline (hence no 
collagen) content (25). However, properly crosslinked 
fibrillar collagen within the early embryo is necessary for 
the proper migration of the PMC and subsequent formation 
of the PMC syncytia which creates the space and 
environment for triradiate spicule formation (26). The 
soluble spicule matrix proteins had an overall amino acid 
composition now recognized as typical of invertebrate 
matrix proteins in general, with a high content of glycine, 
serine and potential acidic residues and much lower content 
of basic residues (25). The question was, and still is, “What 
roles do these spicule proteins play in the mineralization 
process?” 
 
4. PROTEIN COMPONENTS OF THE SEA URCHIN 
SKELETAL ELEMENTS AND 
BIOMINERALIZATION 
 

Biomineralization, the capacity of living systems 
to sequester mineral deposits, is a widespread phenomenon, 
and carbonate, silicates and phosphates comprise the 
principle skeletal elements.  The chemistries of the 
different minerals are clearly different, but from the 
biological perspective it is possible to ask if the factors 
regulating the biological controls over mineral deposition 
are similar or have common mechanisms, even in very 
diverse life forms. Lowenstam (27, 28) organized thinking 
on this point by introducing the terms “biologically 
induced” and “organic matrix-mediated” to express 
different ways by which the organism in question might 
control mineralization, but it has become more and more 
evident that in every case examined, there is a more basic 
perspective. That is, whether the mineral is an internal or 
external deposit, the organism must synthesize or capture 
and deliver a macromolecular component, or components, 

that control nucleation in localized compartments or spaces in 
controlled environments. In that sense all biomineralization 
is matrix-controlled. This applies to vertebrates (5) as well 
as invertebrates, bacteria or plants. Direct studies of matrix 
macromolecules influencing mineralization began in 
vertebrate bone (29) and dentin (30, 31) in the late 1950’s 
and early 60’s. By the early 1980’s it began to be 
recognized (5, 27) that the macromolecules involved 
directly in initiating and organizing biominerals were 
broadly similar in character with regard to composition, in 
spite of the evolutionary position of the organism. As noted 
above, this realization brought my laboratory to the study 
of sea urchin mineralization proteins (6), but obviously we 
were preceded by a number of studies on sea urchin 
mineralization (23, 25, 26, 32-42)  emanating from 
laboratories, all much more expert in urchin developmental 
biology, especially from the Wilt laboratory. They selected 
sea urchin spicules from several different species for study 
because the spicules, as shown in Figures 3b and 3d, could 
be isolated cleanly from other components of the pluteus. 
Some problems arose because different laboratories used 
different protocols for cleaning, collecting and then 
demineralizing the spicules to obtain the occluded 
intraspicule proteins and yielded somewhat different 
distributions of the proteins, a problem common to the 
isolation of matrix proteins from other mineralized tissues 
(43). Further, the mineral of the spicules are of the high 
magnesium type, about 5% Mg, whereas the non-
embryonic magnesian carbonate may include very high, 30 
to 40% Mg magnesian carbonate, such as that found in the 
urchin tooth. It is reasonable to ask if there are other matrix 
proteins, and perhaps other macromolecular components, 
within mature urchin mineral in addition to those found 
with the embryonic spicule mineral.  

 
Since the early work there have been two 

approaches. The first was to isolate the proteins directly, 
and then explore their distribution in tissues. This was a 
problem of protein isolation and purification, followed by 
preparation of antibodies and immunohistochemistry to 
determine tissue localization (44), as well as to relate the 
sequences and compositions of the proteins to their roles in 
the mineral phase structure and physical properties. The 
alternate pathway was to examine the genome of the urchin 
and use proteomics to sort out the overall compositions of 
the proteins and relate that to potential function. With the 
complete sequencing of the Strongylocentrotus purpuratus 
(S.p.) genome this has become the base for relating 
components with function. Most of the proteins detected 
have metabolic and immunologic functions. Here we shall 
concentrate on those proteins which clearly can be 
designated as mineral-related. However, as we shall also 
see, there is still the necessity for the direct protein 
isolation and analysis approach. 
 
5. BIOCHEMICAL AND IMMUNOLOGICAL 
IDENTIFICATION OF MINERALIZATION 
RELATED PROTEINS 
 
 Three very nearly simultaneous papers (1985-86) 
on the organic components of sea urchin mineralized 
tissues produced somewhat differing results, but each study
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Table 1. Selected amino acid contents of urchin ineralized tissues. Mole % 
Specimen examined Asx Glx Gly Ser 
Benson et al. (24)     
  Larval spicule 11.0 12.1 21.3 12.5 
Weiner (44)     
  Tooth, Total Soluble 17.1   9.0 25.3 11.6 
  Tooth , Soluble Sep-Pak A2 20.6   9.1 29.0 16.8 
  Plates ,Total soluble  13.0 11.4 17.2 11.6 
  Plates, Soluble Sep-Pak A2 18.0 17.0 23.8 13.6 
Veis et al. (6)     
   Teeth,  Total Sol, T-I 17.3   7.5 20.4    8.9 
   Lantern, Total Sol., L-I 10.4 14.2 12.6   7.3 

 
used different approaches for protein extraction from 
different tissues: test plates and teeth (45); teeth and lantern 
stereom (6); and embryonic spicules (25). In each case the 
tissue was cleaned, potential enzyme degradation was 
inhibited, then the tissue was demineralized and separated 
into soluble components in the demineralized extracts and the 
residual insoluble material, which was then solubilized by 
organic solvent or sodium dodecyl sulfate detergent. The 
resulting proteins were then fractionated on gel filtration 
columns, reverse phase HPLC, ion exchange chromatography 
or left unfractionated.  The various proteins were subject to 
amino acid analysis.  Benson et al. (25) examined detergent-
washed, hypochlorite cleaned embryonic spicules that were 
demineralized by either EDTA or dilute acid. The amino acid 
composition of the entire soluble protein obtained was 
analyzed. Weiner (45) had similarly extracted both skeletal 
plates and teeth obtained from mature urchins and also 
analyzed the amino acid composition of the soluble 
proteins. In addition, the proteins were passed over Sep-Pak 
C18 reverse phase HPLC columns which in effect passed 
the most hydrophilic proteins and retained the more 
hydrophobic. The HPLC profiles clearly showed the teeth 
to have a much higher content of early eluting hydrophilic 
components than the skeletal plates.  Further, and most 
strikingly, there was a clear distinction between the 
compositions of the test plates and the teeth fractions. Veis 
et al. (6) collected both the mature teeth and Aristotle’s 
lantern stereom from the same tooth-lantern complexes, 
extensively cleaned and washed with protease inhibitors prior 
to EDTA extraction and demineralization. The soluble 
extracts, after extensive dialysis and solvent changes, were 
examined by gel electrophoresis, and then fractionated by 
HPLC DEAE ion exchange chromatography. The amino acid 
contents of the soluble and insoluble tooth (T-I, T-II) and 
lantern (L-I, L-II) proteins were determined. The amino acid 
composition data, summarized in Table 1, are especially 
interesting in showing that the mineral in the spicule, skeletal 
plates, and lantern stereom are distinctly different from those 
of the teeth in having proteins with the ratios of Asp/Glu > 1 in 
the teeth, but ≤1 in the stereom, plates and spicules, indicating 
that there may be different proteins involved with tissue 
specific minerals, just as bone and dentin in the 
vertebrates have different non-collagenous protein 
distributions. Another important finding revealed upon 
direct analysis of the fractionated proteins, was the 
presence of phosphorylated components (6), surprising in 
that it had not been expected that the calcite mineral 
might retain phosphorylated proteins. The 
phosphorylated proteins were not present in great 
amount, but were highly charged and tightly bound to the 
DEAE column matrix, Figure 4. 

 
 In addition to determining the amino acid content 
of the mixture of spicule matrix proteins, Benson, et al. 
(25) isolated the spicule  protein components on SDS-gels 
and determined that a range of differentially stained proteins 
were present in the isolated, cleaned and hypochlorite washed 
spicules. These proteins were not stained well with the 
commonly used Coomassie Blue but were visualized by a 
modified silver stain procedure (46). As shown in Figure 5, 
bands were detected all the way from <10 kDa to 117 kDa 
with prominent silver stained bands at 47, 50, 57 and 64 kDa. 
There were variations in band intensities from one preparation 
to the next, but it was shown that all bands were sensitive to 
pronase digestion. Similarly, treatment with endoglycosidases 
reduced the apparent masses of the protein bands indicating 
that some were acidic glycoproteins.  An important step was 
the preparation of a polyclonal polyspecific-spicule matrix 
(SM) antibody. It is crucial to emphasize that antigen used to 
create this antibody was the mixture of all extracted mineral-
related spicule proteins as defined above. The relative 
specificities and intensities of the constituent protein-
antibodies pairs were not determined.  This general SM 
antibody enabled much of the subsequent work on tissue 
localization of these particular antigens. However, all of the 
proteins detected with the polyspecific SM antibody (25) were 
clearly distinct from each other. Some were detected by the 
silver stain, while others were not silver stained.  More 
importantly, the availability of this SM antibody allowed the 
screening of an expression vector cDNA library from  
S.purpuratus embryos (32), and the identification of a principal 
component, the 50 kDa protein named SM50.  The structure of 
the gene and the sequence and structure of the protein were 
determined (47). The first report contained a single base frame-
shifting error in the cDNA and consequently an erroneous 
protein sequence, but this was corrected shortly thereafter by 
Katoh-Fukui et al. (36). Originally, SM50 was erroneously 
thought to be a typical extracellular matrix acidic protein 
containing a potential N-glycosylation site. Neither of these 
was correct. SM50 has a basic pI (pH ~ 12.9), and no predicted 
glycosylation site was detected. The NCBI nucleotide and 
protein reference sequences of the S .purpuratus SM50 can be 
found at NM_214610.2 and NP_999775.1, respectively, in 
PubMed, and Figure 6. SM50 is a single copy gene. 
 
 George et al. (38)  recognized that there were 
spicule matrix proteins in addition to the SM50 and 
proceeded to clone them by similar methods, including use 
of the total anti-SM antibody. A 30.6 kDa protein named 
SM30 was determined to be a product of the embryonic 
PMCs.  SM30 was distinctly different in structure and 
sequence from SM50, with a confirmed acidic isoelectric 
point (NM_214601.1; NP_999766.1). The gene structure
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Figure 4. DEAE-chromatography of the soluble protein 
from the mineralized portion of a L. variegatus tooth. Solid 
line, optical density at 230nm. Dashed line, the phosphate 
content, directly determined from each fraction (6). A. 
Proteins extracted from the most adoral, highly mineralized 
half of the tooth. B. Proteins extracted from the lightly 
mineralized aboral half. From (6), with permission. 
 

                
Figure 5.  SDS- gels, in12.5 % acrylamide, of the soluble 
spicule matrix protein. Lanes 1 and 2 are identical silver 
stained gels, but represent independent extracts showing the 
variability of tissue extraction and washing procedures. 
Lane 3 is another comparable extract as in lane 2, but from 
spicules labeled in vivo with (35S) Met, but stained with the 
SM-antibody. Lane 4 is the gel autoradiogram from the 
same extract. From (25) with permission. 

was definitively determined (39) and compared with that of 
SM50. When the complete upstream regulatory sequences of 
the genomic clone were determined it was evident that there 
was a family of tandemly arranged SM30 genes, now 
designated SM 30-alpha and SM30-beta, and the possibility 
was raised that there might be even further family members. 
Different upstream regulatory controls were thought to account 
for the differences in SM30s in various tissues. A more 
specific SM30 antibody showed the SM30 protein band as a 
doublet on Western blots. SM30 mRNA was found to be 
approximately 3 times more abundant than the SM50 mRNA. 
The relationship between SM30 and SM 50 sequences will be 
taken up later. 
 
 cDNA libraries were prepared from the PMCs of 
spicules and examined in detail (48,) and led to the 
identification of an entirely different gene and protein 
exclusive to sea urchin PMCs (49), designated as msp130 
(mesenchyme specific protein 130). The msp130 is a lipid 
anchored, sulfated cell surface glycoprotein (50). The protein 
sequence does not include any membrane spanning sequence, 
nor have any relationship to SM30 or SM50, but, as shown in 
Figure 6, it has a number of unique features. In the amino 
terminal region there is a Gly-rich domain spanning Sp 
residues 39 -70, the central domain has a sequence from 
residue 261 to residue 350, rich in Gly and Gln including 
several 13-residue repeats of  QPG (F/M/W)G (N/G)QPG 
(V/M)GG (RQ) while the C-terminal domain has several N-
glycosylation sites. Overall, there are 19 QPG triplets. The 
direct functions of msp130 remain to be determined. 
 
 In a large scale analysis of the mRNAs expressed 
by PMCs of Strongylocentrotus purpuratus gastrula stage 
embryos, Illies et al. (42) found additional mineralization-
related proteins not related to the SM50, SM30, or msp130 
protein families. Most notable were the proteins designated as 
SpP19 and SpP16. At the gastrula stage, SpP19 mRNA was 
among the most highly represented messages, with only 
cytochrome c oxidase subunit I and msp130 messages being 
more abundant. The SpP19 mRNA differed from the other 
putative mineralization-related SM proteins in that it 
encoded neither a signal peptide domain, nor a 
transmembrane domain, but did encode a prominent –
RKKK- potential nuclear localization sequence. There were 
at least two potential alternatively spliced isoforms differing in 
C-terminal sequence. In S.p. the putative long form contained 
176 amino acids, with a mass of 19.5 kDa while the short form 
was comprised from 166 amino acids with a mass of 18.4 kDa, 
Figure 7B. In situ hybridization studies showed intense P19 
staining of PMCs at all stages of embryogenesis. More 
recently, our laboratory cloned and sequenced the equivalent 
P19 from the mature teeth of L. variegatus (L.v.) (51). In 
L.v.P19 only one mRNA species was detected, 166 amino acid 
residues in length identical to the short form of the S.p.P19. 
There are 26 sequence amino acid substitutions in comparing 
S.p. and L.v. short forms, most of which are quite conservative, 
but only 3 are within the N-terminal half of the molecule. 
There are 5 –EE- sequences in the amino-terminal portion but 
none in the C-terminal sequence. The nuclear import signal -
RKKK-, at residues 64-67, along with the lack of a signal 
peptide, suggest that P19 is not secreted from the cell syncytia 
but may have a regulatory role within the cell nuclei. This is 
consistent with the prediction that the P19
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Figure 6. The amino acid sequences of spicule matrix proteins Sp SM50 (Reference Seq. NP_999775.1),, SpSM30 (Reference 
Seq.NP_999776.1)and Sp msp130 (Protein ID AAA3066.1 ;Nucleotide M31751.1). The various sequence domains are color 
coded as noted for each protein. The PubMed sequence reference numbers are given.  
 
may have one or more threonine or serine phosphorylation 
sites, most prominently at the 61TST63 site adjacent to the 
nuclear localization signal. Thus, the P19 may be one of 
those proteins not directly involved in the extracellular 
mineralization process, but is occluded within the syncytia, 
inaccessible to extraction prior to demineralization. The 
sequence comparison of S.p.P19 and L.v.P19 is shown in 

Figure 7B.   The S.p. P16 mRNA was less abundant than 
P19 mRNA, but encoded a protein with 172 amino acids 
(42). The L.v. P16 was also isolated and sequenced (51). 
The Sp and Lv sequences are highly homologous, Figure 
7A.  The protein was predicted to have a signal sequence, 
an N-terminal region rich in G residues and other 
hydrophilic and uncharged residues likely to create a 
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Figure 7. The amino acid sequences of the P16 and P19 proteins from Strongylocentrotus purpuratus and Lytechinus variegatus . 
A. P16, Strongylocentrotus purpuratus P16 from embryonic pluteus compared with Lytechinus variegatus,   L.v.P16 long (L) and 
short (S) isoforms from mature teeth.  The putative domains are color coded. Dashes represent absent amino acid residues. The 
L.v. Acidic Domain alignment of the first 4 residues of the Short isoform is arbitrary, somewhat different from the initial 
alignment presented in (51). The signal peptides and immediate N-terminal residues are highly conserved, and the C-terminal 
domain, including the acidic domain, membrane spanning domain and cytosol insertion domains are virtually identical, or have 
only very conservative substitutions. The major sequence differences are in the N-terminal half of the P16 molecules. B.   P19, 
Reference sequence is from Lytechinus variegatus long isoform. Dashed lines represent sequence identities in all 3 sequences. 
The spliced isoforms in this case appear only at the C terminus. P19 does not have a signal sequence, but does contain a central 
nuclear import sequence. 
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Figure 8. Immunocytochemical localization of P16 within a growing not completely mineralized portion of a Lytechinus 
variegatus tooth. The sections were cut from a nondemineralized tooth, glutaraldehyde treated, then embedded in Epon, The 
section was etched with ethylene oxide prior to staining with rabbit anti-rLvP16 (Left half). The corresponding control section 
(Right half) was stained with secondary anti-rabbit antibody only and counter stained with toluidine blue. The fluorescence 
outlines the cell syncytial membrane surrounding the calcite mineral. The staining is heaviest within the secondary plates where 
active primary high Mg mineral deposition is taking place at this stage. The primary plates in this area had mineralized earlier 
and had begun to form secondary stage very high Mg mineral bridges between plates. Adapted from (52). 
 
relatively unstructured region, now frequently described as 
an intrinsically disordered protein (IDP) (52-54),  followed 
by a distinctly acidic domain rich in Ser and Asp residues, 
also likely to be an IDP sequence. A predicted 
transmembrane domain sequence, followed by a 
concluding C-terminal sequence predicted to be a cytosolic 
domain (51), Figure 7A, led to the suggestion that P16 was 
a membrane anchored protein with a short cytosolic 
component and a longer relatively unstructured 
extracellular surface which included a potential mineral-
binding acidic sequence that might locate extracellular 
calcite deposition along the syncytial membrane surface, or 
within other folded internal membrane bound 
compartments (19, 20).  Following this thought, an 
antibody was prepared to recombinant rLvP16 and used to 
locate P16 within the mineralizing primary and secondary 
plates of the growing urchin tooth.  Figure 8 shows that 
indeed, the anti-rLvP16 outlines the surfaces of both 
primary and secondary calcite plates in the urchin tooth. 
 
 Unlike the P19, the S.p. P16 distribution appeared 
to be closely linked to the developmental stage of the 
embryo and its mineralization. Illes et. al. (42) had reported 
that P16 were most prominent in the PMC syncytia at the 
earliest pluteus stage before ingression, but expression was 
subsequently down regulated and not found in mature 
urchin tissues. Cheers and Ettensohn (55) microinjected 
morpholino antisense oligonucleotides (MOs) for P16 into 
fertilized S.p. and L.v. eggs, blocking the synthesis of the 
targeted mRNAs during subsequent development. They 
showed that P16 was not required for the formation of 
skeletal rudiments, PMC specification, ingression, 

migration and fusion. But at a late stage of skeletogenesis 
P16 was essential for skeletal enlargement and growth. 
 
 The morpholinos used did not completely inhibit 
skeletogenesis, but it was argued that the morpholinos used 
were not 100 percent efficient in the knockdown of P16 
synthesis. Since we had isolated P16 from mineralizing 
teeth, well beyond the embryonic stages, it was not entirely 
correct to restrict P16 to function only within the 
embryonic development period. However, in our first 
studies of the distribution of P16 within the teeth (10, 51, 
56), still in progress, we find that the distribution of the P16 
is not uniform and is linked to the amount of viable 
syncytial content where protein synthesis might still be a 
factor. This is an area of active investigation and requires 
further detailed examination. 
 
 Because of our earlier finding (6), shown in the 
chromatograms in Figure 4, that some anionic components 
were phosphorylated, we explicitly used fractionation 
schemes and protocols designed to sensitively determine 
the presence of phosphoproteins (10, 51, 56) among the 
proteins extracted during demineralization. Figure 9A 
shows a 2-D gel electrophoresis of an HCL extract of the 
mineralized portion of L.v. teeth, stained for both protein 
(green) and phosphate (red). P16 and P19 are evident, with 
isoelectric points pI < pH 4, and there are several others in 
the same pI range, apparently of higher mass and more 
heavily phosphorylated.  There are faintly stained bands at 
the upper left region of the gel hinting that some other high 
mass phosphorylated proteins are present. The total HCL 
extract was run on a regular 1-D SDS- gel to separate the
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Table   2. Isoelectric points and charge  of urchin 
ineralized tissues 

Protein Isoelectric Pt. Net Charge Accession No. 
Sp16 3.54        -13.91 NM_214646 
Lv P16L 3.62       - 11.08 DQ0584210 
LvP16S 3.72          -7.09       NA 
Phosphodontin 3.77        -109.6 Glean3_18919 
SpP19 4.72        -11.03 GQ340974 
Msp 130 4.93        -15.28 SUSMSP130B 
Sp C-type 
lectin 

5.04          -7.26 AF519418 

SM 30A 6.49         -1.38 NM_214601 
PM27 7.89         +2.35 U18132 
SM 32 8.09         +2.11 NM_214638 
SM 29 9.06         +7.57 AF519417 
SM 37 10.35       +16.18 AF068737 
SM 50 10.84                        +15.78 NM_214610 

 

           
Figure 9. Gel electrophoresis of the total HCL extract of 
Gdn.HCl washed L. v. teeth The red stains are for bound 
phosphates, green for other proteins. A. A 2-D gel of the 
HCl extract of the total mineralized portion of an urchin 
tooth. Red- phospho-stain, Green-total protein. The 
phosphoproteins are mainly very acidic, with pI <4.0. 
Development of the 2-D gel was stopped before the most 
acidic components could run off the left edge of the gel. B. 
Standard 1-D SDS-gels. The urchin tooth was cut into 
sections comprising the plumula, the highly mineralized 
midsection, and the incisal tip and the HCl extracts were 
prepared separately. After routine SDS-gel electrophoresis, 
they were stained with a phospho-specific dye. Protein 
loading was equivalent in the Plumula, Middle and Tip 
labeled lanes. These data show the non-uniform distribution 
of mineral-related phosphoprotein components in the 
different parts of the tooth. The molecular size markers 
were different in A and B and serve only as guides to the 
relative values. 
 

visualized. Figure 9B shows that additional higher mass 
phosphoproteins are present. Their compositions are the 
subjects of further study. Importantly, it is evident that 
there are many phosphorylated proteins in the urchin tooth, 
and their distribution is not uniform along the length of the 
continuously growing tooth. The mineralization-related 
proteins are present at different levels and mixtures at 
different stages in tooth growth. 
 
 The pI of each of the sequenced proteins 
described in this section have been determined, and the 
molecular charge at pH 7 computed, Table 2. It is easy to 
see that there are distinct classes of proteins, but it will be 
more instructive to consider this from the perspective 
developed by proteomic analysis coupled with the complete 
mapping of the sea urchin genome. 
 
6. CATEGORIZING THE MINERALIZATION - 
RELATED GENOMIC SEQUENCES 
 
 The complete genome of Strongylocentrotus 
purpuratus was published in 2006. In the introductory 
paper describing the sequencing effort and some of the 
resulting insights (1) a number of cogent findings were 
summarized. The number of genes was amazingly large, much 
greater than the number of genes in the more complex 
vertebrates: 23,300 were present and encompassed almost all 
the known vertebrate gene families. Most important for our 
present discussion were the finding that some genes thought to 
be restricted to vertebrates were present in the sea urchin 
(deuterostome specific), while other genes were present in the 
urchin, but not in the chordate lineage. Thus, the transition 
from the basal node of deuterostomes to chordates may have 
apparently involved the loss or silencing of these genes as 
vertebrates developed. The classical morphological 
evolutionary concept of gain of new functional genes as 
vertebrates developed bones and teeth, has to be considered in 
the light of loss of many genes. In fact it was pointed out that 
“distinct genes for biomineralization exist in sea urchins and 
vertebrates” (2). The most important point with regard to 
biomineralization was the selection and categorization of those 
genes relating to the mineralized tissues. The Livingston et al. 
paper (2) presented a superbly concise but complete 
description of the basis of the methods chosen to categorize the 
genes. At the risk of plagiarizing that description in part, and 
without copying the “miniprint” list in detail, five points were 
used to analyze the whole S. purpuratus genome: (1) The 
shotgun assembly (WGS) Blast (57) search procedures were 
used to identify closely related proteins. (2) Since sea urchin 
and vertebrate (the Sibling) biomineralization genes were 
physically clustered on their DNA scaffold, all urchin DNA 
scaffolds known to contain one of the known biomineralization 
genes were examined to identify any closely linked genes that 
might be new members of the class. Candidate genes with 
some predicted sequence similarity were identified. (3) New 
spicule matrix proteins were identified by searching for all 
predicted proteins that contained a signal sequence and at least 
one C-type lectin (CTL) carbohydrate binding domain. (4) A 
cDNA library was generated from gastrula stage S.p. PMCs 
and a collection of 51,000 expressed sequence tags (ESTs) was 
produced. The ESTs were mapped to a list of genes expressed 
by PMCs when mineralization was taking
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Figure 10.   Domain structures of spicule matrix family 
proteins. Black box = signal sequence, hatched 
box = proline-rich repeat domain, CTL = C-type lectin 
domain . Livingston et al. With permission (2). 
 
place. Several other sets of ESTs were assembled from 
other developmental stages. “A substantial enrichment the 
number of ESTs matching a particular gene model was 
taken as a reliable estimate of the abundance of the 
transcript and a predictor of PMC-restricted expression. 
Finally, (5) a comparison was made between these data and 
that collected on a comprehensive list of biomineralization 
proteins from vertebrates. The details of the predicted 
urchin genomic sequences have been collected in the 
Strongylocentrotus purpuratus annotated database (Glean3) 
ftp://ftp.hgsc.bcm.tmc.edu/pub/data/Spurpuratus/fasta/Ann
otation (1) and http://goblet.molgen.mpg.de/cgi-
bin/seaurchin-genombase.cgi. The use of these databases is 
explained in Poustka et al. (58). 
 
 By the time of publication of the 
Strongylocentrotus purpuratus genome sequence seven 
proteins had been described as spicule matrix proteins, 
restricted to their gene expression in Primary Mesenchyme 
cells: PM27, SM29, SM30alpha, SM32, SM37, SM50 and 
SpC-lectin (PM refers to Primary Mesenchyme, SM to 
spicule matrix). Although the initially defined SM 50 and 
SM30 spicule proteins appeared to have distinct 
distributions and probably different functions (44), all of 
these proteins have subsequently been predicted to have 
multi-domain structures with some related domain region 
sequences. The genomic analyses also predicted that there 
were families of SM30-like and SM50-like proteins. Each 

of the proteins had signal sequences, and hence all were to 
be considered as secreted extracellular matrix proteins. 
Each protein had a C-type lectin-like domain (CTLLD), but 
further analysis of the sequences showed that there were at 
least two families of CTLLD, those related to SM50 and 
those related to SM30, distinguished by the observation 
that the SM50 proteins had a basic isoelectric point (pI), 
whereas the SM30 proteins had acidic pI’s. Table 2, Figure 
10. Whereas these studies all required extensive 
biochemical and immunological procedures for isolation 
and preparation of antibodies, the proteomic approach took 
an entirely different path.  
 
 Mann et al. (59-62) carried out an in depth, 
high accuracy analysis of the S.p. proteome of the 
spicules, test, spines and teeth. For total sea urchin tooth 
proteome analysis (60) the urchins were frozen, and the 
internal skeletal elements, presumably the intact lantern-
tooth complexes as shown in Figures 1A & 1B, were 
collected and immediately sonicated in 6-14% Na 
hypochlorite to digest all exposed organic matter. After 
thorough washing in water and air drying, 300 teeth 
were collected, and powdered in a mortar. The 
powdered teeth were digested again with hypochlorite. 
The washed tooth powder was suspended in 5% acetic 
acid, and the turbid suspension was dialyzed with a 
relative molecular weight, Mr 1000 cut-off membrane, 
the total turbid retentate was lyophilized. The matrix 
proteins were carbamidomethylated, then cleaved with 
lysyl endopeptidase followed by trypsin, or with lysyl 
endopeptidase followed by endoprotease Asp-N and 
trypsin. In the later work (61-62) phosphopeptides in 
these mixtures were enriched by binding to TiO2 beads. 
The bound peptides were eluted with NH4OH, and then 
dissolved in trifluoroacetic acid for C18 reverse phase 
chromatography and mass spectrometry. 
 
 Spicule matrix proteins were obtained from 
cleaned, hypochlorite treated spicules demineralized with 
50% acetic acid, then the suspension was dialyzed into 5% 
acetic acid, and the mixture was lyophilized. The protein 
was then dissolved in SDS sample buffer in preparation for 
gel electrophoresis. Centrifugation of the sample removed 
an insoluble precipitate. The soluble supernate was then 
electrophoresed. The recovered protein yield was ~ 0.007 
mg/mg of spicule.  Following electrophoresis, the gels were 
stained with colloidal Coomassie and several identical gel 
lanes were cut into 10 to 16 slices whether the slice was 
stained or not (Figure 11) (62) in any given slice. The slices 
from 3 identical lanes were combined and used for in-gel 
digestion. Thus, every part of each gel lane was subject to 
trypsin digestion, irrespective of stain intensity or the 
presence of any visible staining. The preparative details 
have been described to emphasize the point that either by 
combining the solubilized components and insoluble 
residues remaining after the initial hypochlorite treatment, 
or by examining the contents of every part of the SDS-gels 
independently of their component staining properties, one 
obtains a more complete picture without bias. This was a 
primary problem in the biochemical approach wherein the 
more acidic protein components stained poorly with the 
usual protein stains and were more easily lost during 
fractionation. The same was true of the chromatographic
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Figure 11. SDS Page of hypochlorite washed PTM acetic 
acid extract. Marks along the right side denote how the 
equivalent unstained gels were cut. The protein identified 
within bands 7-11 contained Sp P16. Compare with the 
phospho-stained gels of Figure 9. From Mann et al (62), 
with permission.. 
 
separation schemes, again since the acidic components, and 
those rich in Gly, Ala and Pro, had no strongly uv 
absorbent bands in the usual protein spectral ranges. 
 
 In the first of the Mann group proteome studies, 
the organic matrix of hypochlorite treated S.p. spines and 
test matrix (59) was examined. No attempt was made to 
include phosphorylation or any other post translational 
protein modifications. A total of 110 proteins were shown 
to be present, of these, 40 were present in both test and 
spines, while the others were restricted to one tissue or the 
other.  The same proteins were also among those present in 
both tissues at the highest relative protein concentrations. 
Remarkably, according to the emPAI (exponentially 
modified protein abundance index score (63), a measure of 
relative quantitation of the proteins in a mixture), the 
spicule matrix protein SM50 (Glean 3:18811) was far and 
away present at the highest concentration in the test as 
compared to the spines, and in comparison with all other 
protein components detected. The complexity of the SM 50 
family was illustrated in that SM37 (Glean 3:18813), SM32 
(Glean 3:18810), and SM29 (Glean 3:05990) were also 
found in lesser amounts in both test and spines. SM29-like-
1 (Glean 3:05991) and SM29-like-2 (Glean 3:05992) were 
differently distributed: SM29-like-1 was found only in the 
spines whereas SM29-like-2 was found only in the test. PM 
27, also a member of the SM50 family, determined to be 
present by immunological studies, was not detected in the 

MS/MS study. It was suggested that the PM27, might have 
been on the surfaces of the mineral elements, and was 
degraded during the hypochlorite washes. C-type lectin 
domains were present in all the SM50 family proteins, but 
several C-type lectin proteins were found without any 
relation to SM-50 protein sequences. 
 
 The distribution of members of the SM30 family 
was likewise complex. As illustrated in Figure 10, 
SpSM30- A-F had been described in spicule studies. In the 
test and spines SM30-A,B,C and D were not present.  
SM30-E was abundant in both test and spine, while SM30-
F was of low abundance in the spine matrix, in spite of 
being highly expressed at the transcript level by RT-PCR in 
adult spines (64). The nomenclature for the 6 members of 
the SM30 family is confused by the initial findings of 
SM30-related genes designated as SM30-alpha and SM30-
beta (2). Now, with more data, SM30- alpha is the same as 
SM30-B, and SM30- beta is SM30-C (61). 
 

As indicated in Figure 10 all of the SM50 and 
SM30 related proteins have a C-type lectin domain. All of 
the SM50 members have an additional domain of a proline-
rich repeat nature, but each family member has a unique 
Pro-rich domain with a different repeat.  SpSM50 has two 
repeat motifs, PG (M/V/F) G (GR/N)Q or PNN; SpSM37 
has repeats G (A/G)G (A/G)GGAGAGAGGRWNPQ; 
while SpSM32 has PNQ, SpSM29 has PN (N/Q), and 
SpPM27 has PGMG repeats. In contrast SpSM30-A, 
SM30-B and SM30-C do not have any P-rich domains, but 
SM30-D, -E and –F do (2, 44). The C-type lectins of these 
proteins are all different, but there are two additional 
proteins with a predicted C-lectin domain: Glean3:13825 
and Glean3:11163 with no similarity to the SM50 or 30 
families (59). 

 
The membrane-associated glycoprotein msp130 

also proved to be a member of a family of proteins, msp130 
(Glean3:13821/02088) and msp130-related-1 
(Glean3:13822), -2 (Glean3:16506/21385),-3 
(Glean3:13823),-4 (Glean3:114496),-5 and -6. Spicule 
components msp130-related 5 and 6 were not found in test 
or spines. Figure 12 compares the sequences of spicule 
msp130 (Glean3:06387) and the predominant test msp130-
related-3 protein (Glean3:13823). The main differences 
were in the amino-terminal portion of both molecules 
whereas in the carboxyl terminal portion of the molecule 
there was near identity in a PN-rich region of 475 residues, 
although there were several GE rich sequences in this 
domain as well. 

 
The majority of the proteins certified as present 

could be matched to typical vertebrate cellular proteins, 
enzymes, regulatory proteins and immunoglobulins. There 
were urchin specific modifications, but it was clear that the 
basic processes of cell function and metabolism were not 
unique to the echinoderms, but rather followed the same 
mechanisms. Carbonic anhydrases, which catalyze the 
reversible hydration of CO2 to carbonate, needed for calcite 
formation, were encoded in 19 S.p. genes. The carbonic 
anhydrase (Glean3:012518) was the only carbonic
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Figure 12. The sequence alignment comparison of the test 
Sp MSP130-3 (yellow highlight and spicule MSP130 
(green highlight). There are clearly some major domains in 
each molecule not duplicated in the other, but both have 
PN-rich (red font) and PQ-rich domains, which are most 
prominent from test residue 292 to 396.  The positions of 
sequence identity are indicated by an underline of the 
spicule sequences. The N-terminal region, from test residue 
11 to 123 is identical to spicule residues 2 to 115. A much 
longer region of identity is in the C-terminal sequence 
domains where test residue 292 to 777 is virtually identical 
to spicule msp130 residues 471 to 957.  The choice of using 
the test sequence as the reference sequence is arbitrary. 

 
anhydrase detected in both spine and test. Only a small 
amount of collagen was detected in the urchin spines and 
teeth, much less than expected compared to the total 
amount of collagen determined directly. It was assumed 
that the collagen, and many other proteins were in the 
spaces or matrix surrounding the calcified mineral 
elements, and not occluded within the calcite. Thus they 
were presumed to be destroyed and removed by the 
hypochlorite. 

 
It was with this problem in mind that the tooth 

extraction protocols described earlier were compared (60). 
Teeth were washed in hypochlorite, dried, ground to a fine 
powder, and then extracted again with hypochlorite.  The 
residual calcitic powder was presumed to only contain 
organic components occluded in the mineral phase. In the 
second preparation intact teeth were simply washed in 
hypochlorite. Both preparations were subsequently 
completely demineralized in acetic acid, and the resulting 

solubilized organic matter designated here as “tooth 
powder matrix, PTM” or “matrix of intact teeth, ITM”. The 
PTM yielded approximately 138 identified proteins, and an 
additional 52 were identified tentatively from unique 
peptides that were sequenced more than once from good 
quality spectra but could not be confirmed by MS3  (MS3: 
Fragmentation of tryptic peptides by tandem MS/MS, 
further fragmented by ion trap instruments, and analyzed 
again by MS (MS/MS/MS). The C-terminal ions of the 
peptides provide low background MS3spectra (65) even at 
low subfemtomole levels. Fifty six of the confirmed PTM 
proteins were also found in the test and spine. Similar 
analyses of the ITM yielded 144 positively identified and 
37 tentatively identified proteins. Of the 144 identified 
proteins 110 were present in the PTM. Members of the 
SM50 family: SM50, 37, 32, 29 were present and among 
the most abundant proteins, whereas SM30-E was the only 
SM30 family protein in that group. PM 27 and SM30-F 
were not identified. Table 3 shows the relative distribution 
of SM50 and SM30 family members in the mineralized 
structural elements. MSP130, MSP130-related -1, -2 and -3 
were identified in the PTM, but MSP130-related-4 was 
absent. 

 
An important observation was the presence of 

P16, previously identified as a PMC specific protein in 
embryonic spicules (2, 44, 47), but isolated as abundant and 
wide spread in mature teeth (51) was identified in two 
forms in PTM (Glean3: 18406 and 18407).  The form 
Glean3:18406 did not show any signal sequence whereas 
3:18407 did. These proteins had emPAI scores placing them 
as comparable in abundance to SM37 and MSP130. They were 
recovered in Gel slices 7-11, in the 14<Mr <40 range, Figure  
11. The 2-D gel shown in Figure 9A confirms this low 
molecular weight range, and points out that the P16 is likely to 
be phosphorylated and its concentration highest in the fully 
developed and mineralized central portion of the tooth, Figure 
9B. P19, which had been isolated from mature teeth (51) and 
sequenced along with P16, was not detected in the PTM but 
was found (60) in the ITM proteome, confirming that P19 is 
probably an intracellular protein not directly involved with 
mineral deposition. As suggested from its sequence and 
content of a nuclear localization sequence, it is most probably 
localized in the nucleus. The fact that the P19 sequences were 
found in the very high molecular mass portion of a gel 
(comparable to bands 1-3, Figure 11) indicates that ~ 19 
kDa P19 protein is complexed into stable aggregates with 
other nucleoproteins. 
 

In our first attempts at characterizing the digests 
of proteins isolated from the L.v. teeth (10), we had 
obtained partial sequences of peptides with Ala- and Pro-
rich PA, PAA, and PQ repeats, or acidic peptides with 
ESSG, GSSSSEGSSD and SDSTSD repeats, but at that 
time no data bases were available to help sequence 
completion. It was gratifying to see that the proteome of 
the intact tooth matrix did contain some similar Ala- and 
Pro-rich sequences, as well as acidic Gly-rich motifs (60) 
one of which appears to correspond to the sequences of 
the protein unique protein presented as Glean3:17589, 
Figure 13. The protein shown was the most abundant of a 
group of proteins of similar domain structure.
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Table 3. Relative presence of SM50, SM30 and Sp-Clectin family members in skeletal elements 
Protein Glean3 No  Tooth Spicule Spine Test 
SM 30 FAM      
SM30-A 00825 - -, (++) - - 
SM30-B/C 00826 - + -, (++) - 
SM30-D 00828 ++ - ++ + 
SM30-E 04867 ++ ++ ++ ++ 
SM30-F 04869 - - + - 
Sp-Clect 00164 + ++  (+) - 
SM50 FAM      
SM50 18811 ++ ++ ++ ++ 
PM27 30147 ++ ++ ++ ++ 
SM29 05990 ++ ++ ++ ++ 
SM32 18810 ++ ++ ++ ++ 
SM37 18813 ++ ++ ++ ++ 
Sp-Clect-13 05989 ++ ++ ++ ++ 
Sp-Clect-25 11163  (+) ++ ++ ++ 
Sp-Clect-76 13825 ++ ++ + ++ 

++, confirmed present, high abundant;  +, confirmed present; (+) identified, not   confirmed (63)
 
The blue-highlighted sequence was a Kazal-type serine 
protease inhibitor sequence. In fact, several related proteins 
were described with similar compositions. This is a set of 
proteins that should be examined closely. The presence of 
domains with a high tyrosine content provides an 
interesting way to get into a study of their conformation, 
properties and potential cross-linking reactions via 
glycation. 
 

Another component of interest was mortalin, a 
member of the HSP70 family that we had found primarily 
in the plumula region of the tooth, at the point of 
differentiation and formation of the syncytial layers in the 
newly forming plumula (66). Mann et al. have reported (60) 
that they could not find the mortalin, but the plumula is the 
most exposed and least mineralized part of the tooth, thus 
particularly susceptible to oxidation by the hypochlorite 
digestion. This again shows how the preparation methods used 
must be considered in determining the presence of any 
particular component in a complex, many-compartment tissue. 
In this case, however, it is not likely that mortalin has any role 
in mineral formation. 
 
7. THE POTENTIAL ROLE OF 
PHOSPHOPEPTIDES IN CALCITE 
MINERALIZATION PROCESSES 
 
 It has been a little strange to propose that phosphate 
moieties on the matrix proteins might be important in 
regulating the in vivo formation of some calcites, but our initial 
findings of phosphoproteins in calcite mineralizing systems, by 
the same methods that had been applied in dentin, emboldened 
my laboratory to pursue this point even in the face of what one 
might modestly say was disregard. Recently Mann et al. (61, 
62) repeated their study of test, tooth and spicule matrix by 
virtually the same methodology for protein isolation as they 
had used before (59, 60), with the exception that specific 
attention was devoted to the question of phosphorylation. This 
involved concentrating the tryptic or other phosphopeptides by 
adsorption to TiO2 then using a neutral loss activation method 
followed by quadrupole ion trap MS (67) analysis of the 
phosphopeptides. The improved sensitivity of the ion trap 
procedures brought the total list of spicule matrix proteins to 
231, of which 218 proteins were identified with high 
confidence (62). The majority of the proteins had been 

previously identified, but most of these related to cellular 
enzyme activities, to resident proteins of the endoplasmic 
reticulum or Golgi, or transmembrane constituents, but were 
present in greater abundance than previously seen. These data 
suggested that the spicule matrix contained many occluded 
proteins of cellular origin that had been trapped within the 
mineral during the rapid and dynamic mineral development, 
but not as direct participants in the mineralization process. 
There were no surprising phosphoproteins detected within the 
spicule matrix. However, when the same protocols were 
applied to the mature test and tooth matrix, 34 additional 
phosphoproteins were detected. While many of these 
phosphoproteins were orthologs of mammalian kinases and 
signal transduction proteins, with conserved phosphorylation 
sites, there were some sea urchin specific phosphoproteins. 
Most notably and not previously described was an acidic and 
highly phosphorylated protein that was specific to the tooth 
proteome and absent in the test, hence termed phosphodontin. 
A second, unique non-acidic but phosphorylated protein was 
Glean3: 20139, a threonine and proline-rich protein. However, 
it was present in the test and not in the tooth.  It was also 
determined that SM30-E was phosphorylated at several sites 
that were predicted to be kinase substrates for phosphorylation, 
but phosphorylation of those SM30-E sites was only partial. 
 
 According to Mann et al. (61, 62) phosphodontin is 
the principal phosphorylated protein of the mature tooth 
matrix. This highly phosphorylated protein was missed in 
previous tooth proteome analysis because the specific search 
for phosphopeptides had not been included, although a non-
phosphorylated peptide, Glean3:18919, had been reported. In 
the new study in which a specific search for the 
phosphopeptides was carried out, it was proposed that 
phosphodontin might be the second most abundant protein of 
the tooth matrix, second only to the SM50 protein. The 
composition of phosphodontin, with a calculated mass of 
49,717.67 Da and pI of 3.77 in the non-phosphorylated form is 
presented in Table 4. Because of the overwhelming content of 
Asp and Glu residues the net charge at pH 7 was calculated 
to be -109. Figure 13 shows the unique nature of 
phosphodontin in several respects. First, all of the S 
residues, except for 6S and 30S in the most amino terminal 
sequence, are in SS pairs, many of these embedded in a 
sequence EXSSGEG where X=I, M or V. This is a classic 
casein kinase 2 substrate for at least one of the S resides. 
However, all three possibilities have been detected (pSS, 
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Table 4. The amino acid composition of  phosphodontin, residues/molecule     
Amino Acid Residues/molecule Number  % Weight  % 
A  Ala        9      1.94   1.29 
D  Asp      29    6.26   6.71 
N  Asn        8    1.73   1.84 
G  Gly      58  12.53       6.66 
E  Glu     116  25.05  30.13 
Q  Gln       32    6.91    8.25 
P   Pro       35    7.56    6.84 
K  Lys       32    6.91    8.25 
R  Arg           3    0.65    0.94 
S  Ser*       72  15.55  12.61 
I  Ile       21    4.54    4.78 
L  Leu         5     1.08    1.14 
F  Phe         2    0.43    0.59 
H  His         1    0.22    0.28 
V  Val       12    2.59    2.39 
M  Met       18    3.89    4.75 
T  Thr         6    1.30    1.22 
W  Trp         0        0      0 
Y  Tyr         4    0.86    0.86 
C  Cys         0       0      0 
   TOTAL        463     100   

*Includes Serine and phosphoserine. The exact number of  PSer is not known but may be as high as 64 (89%). 
 

 
 
Figure 13.  The Amino Acid Sequence of Phosphodontin. Glean3:18919. The color codings point out the repetitive placement of 
SS and EE or longer sequences. 
 
SpS, and pSpS). Thus, there is an obvious phosphorylation 
micro-heterogeneity based on both phosphodontin 
sequence and presence of kinase activities. This requires 
much more study. If only one S in each SS pair is 
phosphorylated, and with the pKa of the phosphate 
monoesters at ~ 7, the added charge per phosphate would 
be 1.5, so the net charge per molecule at pH 7 would 
increase to at least -150.  If both members of an SS pair 
were phosphorylated, as frequently appears to be the case, 
the net molecular charge would be increased further. 
Phosphodontin has not been isolated as yet for detailed 
study as protein, but as the gels shown in Figure 9 
demonstrate, there are phosphoproteins in the 
phosphodontin molecular weight range in the mineralized 
tooth matrix. Importantly, our preliminary data show that 
the phosphoproteins are not distributed evenly in amount 
throughout an urchin tooth. 
 
 The distribution of the glutamic acid residues is 
also of special interest. Within the central region of 
phosphodontin, from 34E to 423E, there are 16 EE pairs 

and several EEE sequences. There does not appear to be 
any regular structure in this very hydrophilic region. Thus 
the phosphodontin may be best modeled as a random chain 
molecule or as an intrinsically unstructured protein, 
dependent on interaction with other molecules or ions for 
specific ordered structure formation in vivo. The insertion 
of a Pro residue every 10 to 13 residues also mitigates 
against any long range order.  Phosphodontin is clearly a 
protein comparable to phosphophoryn in vertebrate teeth 
(5, 30, 31) and mollusk shell acidic proteins (43) and merits 
detailed study. The absence of phosphodontin in the urchin 
spicule matrix is especially interesting. Perhaps the mineral 
stabilizing effect of proteins such as phosphodontin and 
phosphophoryn, and similar vertebrate “Sibling” proteins is 
important for long lived tissues, but not essential to the 
transient life of the embryonic urchin spicule. 
 

The lightly phosphorylated test matrix threonine-
proline rich protein, Glean3:20139, Figure 14 (61), presents 
a very different profile.  The protein has an unmodified 
mass of 57,462 D and a pI = 10.53. It is a very hydrophilic
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Figure 14.  The Amino Acid Sequence of Test Matrix Protein. Glean3:20139 Threonine and Proline rich protein. The color 
coding marks the phosphorylated S residues S, an extended Q-rich domain Q, and separate T,P-rich domain T,P. The functions of 
these domains and the protein are yet to be determined. 
 
protein with a positive charge of 10.5 at pH 7. It has 4 
confirmed phosphorylated groups, three within acidic 
domains  
295FVQDDSESNEADED308,339NVAEAAGLSSNEVT
QVK355, and one within the Q-rich domain, 
370QQQPLPFSEQQQEY383. There is no specific data on 
the localization or function of this test matrix specific 
protein. 

 
P19, identified in L.v. teeth (42) as a 

mineralization-related protein, and subsequently shown to 
be a phosphorylated protein (51), was predicted to have a 
nuclear import sequence. The P19 did not have a signal 
sequence, but was confirmed (61) to be phosphorylated on 
threonine rather than serine. The P19 function is not 
known, but as a nuclear protein we predict it to have an 
indirect and probably regulatory role in the mineralization 
process. P16 (42, 51, 55) is an enigmatic protein, clearly 
phosphorylated and abundant as a transmembrane protein 
(51) in L.v. with phosphorylation in an acidic sequence 
external to the syncytial membrane, at the mineral face, has 
not been seen in the proteome analyses. Mann et al. (62) 
have suggested that this may be because of the lack of Lys  
in the sequence, thus not providing small peptides. 
Although only 16 kDa in size, P16 is still too large for 
conventional MS/MS sequencing. 

 
8. PROSPECTS FOR THE FUTURE 

 
The combination of biochemical isolation of 

the protein components of the various skeletal elements, 
the isolation of mRNA and creation of cDNA libraries, 
and the availability of high through-put sequencing from 
mass spectrometry coupled with the knowledge of the 
complete genome of the model Strongylocentrotus 
purpuratus has provided a catalog of the majority of 
proteins of the sea urchin, applicable to other members 
of the echinoderm family. It is encouraging that many of 
the proteins detected were orthologs of most of the 
cellular proteins of other systems, including the 
vertebrates so that the basic echinoid cellular 
biochemistry must not be particularly unique.  

 
Nevertheless there are several distinct echinoid 

proteins that may be linked somehow to the production of 
the urchin mineral. These were identified early on as 

members of the large SM50 and SM30 spicule matrix 
protein families.  These proteins are also present in mature 
skeletal tissues, very widespread in distribution.  They are 
characterized as mineralization-related proteins because 
they cannot be extracted and collected in most cases 
without first demineralizing the skeletal element. Yet 
there is no specific mineralization function related to the 
presence of these proteins that can be suggested from any 
data presently available. For example SM30-A is present 
exclusively in the spicule, while SM30-D is absent in the 
spicule, but present and abundant in the tooth, test and 
spine. On the other hand SM30–F is present only in the 
spine. SM30-E is present in all: spicule, tooth, test and 
spine. Similarly, as shown in Table 3, all members of the 
SM50 family are present in each tissue. In unpublished 
immunolocalization experiments currently in progress 
(Alvares and Veis), we find that within the L.v. tooth 
plumula the SM30 and SM50 proteins are distinctly 
different in distribution and appear to be most abundant 
in the matrix not associated with the mineral. In the same 
experiments and as seen earlier (51) earlier, anti-P16 is 
concentrated at the syncytial membranes and is 
prominent at the point of initial mineral deposition. Thus, 
Cheers and Ettensohn (55) were not only correct in 
pointing out that P16 was essential for spicule formation 
in the embryo, but P16 is likely to be directly involved in 
the nucleation of mineral at a syncytial membrane 
surface in the mature tooth syncytium. 

 
As discussed above, Mann et al, (61) argued that 

they could not find P16 within their proteomic studies. The 
clear evidence from the cDNA-based cloning of the tooth 
mRNA, and isolation of the P16 from mature tooth tissue, 
and the observation that P16 is phosphorylated shows that 
one must be very cautious in interpreting the proteomic 
data. Finding the protein present is positive evidence of its 
presence, but lack of MS/MS derived evidence does not 
mean that a particular protein may not be present. Peptides 
may be missed based on peptide size, absence of cleavage 
sites or abundance. Similarly, proteins may be missed 
because of post translational modifications, as in the case of 
phosphorylation. Clearly, phosphorylation is an important 
attribute of some urchin mineral-related proteins. Sulfation 
and glycosylation also need detailed study. Further, protein 
abundance may not be a reliable indication of the 
importance of a particular protein involvement.  
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occluded proteins need to be clarified. The mineral 
occluded proteins are those actually trapped within the 
calcite crystals as defects, probably a result of rapid 
calcification within a confined space simply enclosing the 
organic components resident within the space as described by 
Robach et al. (68), while the mineral –related proteins are 
those possibly at the surface or held between densely packed 
crystals, and thus inaccessible to solvents without dissolution 
of the crystals.  In operational terms since both types of 
proteins are obtained only after mineral dissolution both are 
present in the various extracts and no function is ascribed to 
those proteins. A clear conceptual distinction between these 
mineral-related or mineral-occluded proteins and their role, if 
any, and that of the specific involvement of the mineral-
interactive proteins in the nucleation of the crystallization 
process, the stabilization of the crystals, or the limitations on 
growth along particular crystal faces needs to be considered 
and examined. We hypothesize that it is these mineral-
interactive proteins that are important in regulating the 
processes of calcite formation. Thus future studies must deal 
with the specific roles of individual component mechanisms in 
crystal initiation and calcite growth. For those interested in 
using these data for planning biomimetic reconstruction of 
calcitic tissues it will also be of importance to investigate the 
role of the matrix proteins in controlling the composition of the 
high magnesium calcites and their effect on mineral solubility 
and other properties. A great deal of detailed study lies ahead. 
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