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Abstract

The sea urchin endoskeleton consists of a magnesium-rich biocalcite comprising a small amount of
occluded organic macromolecules. This structure constitutes a key-model for understanding the
mineral — organics interplay, and for conceiving in vitro bio-inspired materials with tailored
properties. Here we employed a deep-clean technique to purify the occluded proteins from adult
Paracentrotus lividus tests. We characterized them by 1- and 2D -electrophoreses, ELISA and
immunoblotting, and using liquid chromatography coupled with Mass Spectrometry (nanoLC-
MS/MS), we identified two metalloenzymes (carbonic anhydrase and MMP), a set of MSP130
family members, several C-type lectins (SM29, SM41, PM27) and cytoskeletal proteins. We



demonstrate the effect of the protein extract on the crystals, with an in vitro crystallization assay.
We suggest that this small set of biomineralization proteins may represent a ‘minimal molecular

crystallization toolkit’.



Significance

Biominerals exhibit often superior chemical properties, when compared to their inorganic
counterparts. This is due pro parte to the proteins that are occluded in the mineral. However, the
limited available studies on biomineralization have not yet succeeded in identifying a minimal set
of proteins directly involved in the formation of the biomineral in vivo and sufficiently required for
in vitro precipitation. Indeed, the high number of proteins identified by high-throughput screening
in the recent years does not encourage the possibility of recreating or tailoring the mineral in vitro.
Thus, the identification of biomineralization proteins involved in protein-mineral interactions is
highly awaited. In the present study, we used the sea urchin, Paracentrotus lividus (P. lividus), to
identify the native proteins directly taking part in protein-mineral interactions. We employed an
improved deep-clean technique to extract and purify the native occluded skeletal matrix proteins
from the test and identified them by the highly sensitive technique of microLC-MS/MS. We show
that this minimal set of proteins has a shaping effect on the formation of biocalcite in vitro. This
work gives insights on the biomineralization of the sea urchin, while it paves the way for the
identification of biomineralization proteins in other biomineralizing systems. Understanding the
‘biologically controlled mineralization’ will facilitate the in vitro formation and tailoring of

biominerals in mild conditions for applications in medicine and materials science.

Introduction

Echinoderms represent a large phylum of marine invertebrates that comprise echinoids (sea urchins
and sand dollars), asteroids (sea stars), ophiuroids (brittle stars), crinoids (feather stars) and
holothuroids (sea cucumbers). Although presumably existing since the Late Precambrian [1, 2],
they acquired the capacity to mineralize a skeleton during the Precambrian-Cambrian transition [3].
Indeed, similarly to other phyla, during one of the major biological radiations - the famous
‘Cambrian explosion’- echinoderms set up a complex gene regulatory network (GRN) involved in
the biomineralization process. Some fundamental aspects of this network have been elucidated in
sea urchins, the best-studied echinoderm class so far: analyses on the development of the sea urchin
embryo, performed during the last decade, have shown that skeletogenesis is regulated by a subset
of the GRN [4-6] and starts in privileged extracellular spaces of the gastrula embryo, 24 h after egg
fertilization [7]. This process is mediated by a set of biomineralization proteins specifically
expressed by a cellular population devoted to skeleton formation — the primary mesenchyme cells

(PMCs) — that are themselves activated by signaling cues from overlying ectodermal cells [8]. In



the adult, i.e., after metamorphosis, the biominerals are deposited as microscopic bony plates
forming a three-dimensional meshwork, the stereome [9]. The stereome of the adult P. lividus is
composed of different calcified structures including the test, the teeth that are parts of the
Aristotle’s lantern and the spines. The test is characterized by a typical microporous calcitic
microstructure [9].

Similarly to other metazoan biominerals, what makes the sea urchin test peculiar is the presence of
occluded macromolecules - mostly consisting of proteins, representing about 0.1% w/w of the dry
weight of the mineralized structure [10]. These proteins modulate the mineral deposition process
[11]. During the last two decades, a few biomineralization-related proteins that are abundant in the
calcified sea urchin test have been individually characterized by classical molecular biology and
biochemistry approaches [12]. More recently, high-throughput screening techniques, such as
transcriptomics and proteomics, have allowed the identification of complete skeletal matrix
proteomes, also referred as ‘skeletomes’. In particular, proteomic studies on the adult test, spines
and tooth of the sea urchin Strongylocentrotus purpuratus (S. purpuratus) have revealed more than
one hundred proteins within the organic matrix, including several C-type lectins, metalloproteases,
small acidic proteins, collagens and enzymes such as carbonic anhydrase [13-15]. However, these
analyses were neither complemented nor confirmed by studies aiming at defining the molecular
function of the identified proteins and their connection to the process of mineral deposition. The
high number of identified proteins raises questions about the putative existence of a ‘minimal
protein toolkit’ required for modulating mineral deposition. This debate is central in
biomineralization studies, since it determines whether it is realistic or not to consider synthesizing
abiotically biocomposites that perfectly mimic natural biominerals, only with a limited set of
genetically engineered skeletal proteins.

Beyond the functional and applied aspects addressed above, the large number of proteins identified
by proteomics in general raises fundamental concerns about the interpretation of the results and
their integration into a coherent and meaningful molecular model. Indeed, for the accurate
identification of the proteins from the skeletal matrix of sea urchin tests by proteomics, high
attention should be paid on the a priori definition of the functional- and spatial-based protein target
group (i.e., skeletal matrix). To this purpose, an optimized preparation of the samples prior to the
proteomic analysis constitutes a crucial step that ensures the purification and analysis of the target
protein group. This issue was raised through a recent controversy about the coral skeletal matrix,
where it was found that some of the ‘skeletal” proteins identified by proteomics were more likely to
be cellular contaminants rather than being involved in biomineralization [16, 17].

In the present paper, we aimed at circumscribing the aforementioned question by focusing on the

proteins of the skeletal matrix that are the most tightly linked to the mineral phase. To this end, we



applied a drastic cleaning process of the skeletal test tissues, prior to the extraction of the skeletal
matrix. We further characterized biochemically the bulk acetic acid-soluble (ASM) and — insoluble
(AIM) matrices, and tested the ability of the ASM to interact with calcium carbonate, by the in vitro
crystallization assay. In addition, we applied proteomics on these extracts and obtained about ten
proteins that can arguably be considered as the most strongly linked to the mineral phase. We

suggest that this set may represent the ‘minimal toolkit’ involved in modulating mineral deposition.

Materials and Methods

Extraction of matrix proteins from mineralized parts (tests) of Paracentrotus lividus.

Adult sea urchins (P. lividus) were collected from the Northwestern coast of Sicily (Mediterranean
Sea) and kept in aquaria, with circulating seawater obtained from the collection site. Tests of adult
P. lividus were mechanically separated from spines and teeth and cleaned by brushing under
running water. Superficial organic contaminants were removed from the surface of the test
fragments with incubation for 24 h in bleach (0.26% NaOCIl), under constant agitation, at room
temperature and were subsequently thoroughly rinsed with Milli-Q water and dried at 25 °C. The
purity of the samples was investigated with a tabletop scanning electron microscope (SEM, Hitachi
TM1000) and samples were crushed into approximately 1 mm? fragments and subsequently into a
fine powder, in liquid nitrogen, with a mortar grinder (pulverisette 2 model, Fritsch), which was
subsequently sieved (> 200 uM).

All protein extractions were performed at 4 °C, as described in Osuna-Mascaro et al. [18]. Briefly,
the organic constituents were obtained by overnight decalcification of the biomineral (25 g) in cold
acetic acid (5% v/v) at 4 °C that was added by an automated burette (Titronic Universal, Schott,
Mainz, Germany) at a flow rate of 100 puL every 5 s. The solution (final pH around 4.2, final
volume about 1 L) was centrifuged at 3900 g for 30 min. The resulting pellet, corresponding to the
acetic acid-insoluble matrix (AIM), was thoroughly rinsed with Milli-Q water, freeze-dried and
weighed. The supernatant, containing the acetic acid-soluble matrix (ASM) was collected, filtered
on a Nalgene filtration device (5 pm mesh), and its volume, reduced by ultrafiltration in an Amicon
ultra-filtration cell through a Millipore® membrane (YM10; 10 kDa cut-off). The resulting
concentrated solution (about 10 mL) was extensively dialyzed against Milli-Q water (with several
water changes), freeze-dried and weighed. Two consecutive extractions were performed, referred to

as batch 1 and batch 2.



Skeletal matrix analysis on 1D gels.

The extracted ASM and AIM were separated on 12% acrylamide 1D mini-gels (Mini Protean III,
Bio-Rad) under denaturing conditions. Samples were heat-denatured (100°C for 3 min) in the
Laemmli buffer containing SDS and mercapto-ethanol. For the ASM, 20 pg to 40 ug of matrix were
applied on top of the gel. For the AIM, the matrix was suspended in Laemmli buffer and heat-
denatured (5 min), before being centrifuged. Only the supernatant was used for SDS-PAGE. This
new fraction was referred as the LS-AIM (Laemmli-soluble, acetic acid insoluble). The gels were
stained with Bio-Safe Coomassie G250 (CBB, Bio-Rad), Silver Nitrate [19], Alcian Blue [20] and

carbocyanine [21] (also called “Stains-all”).

Protein Matrix Analysis on 2D gels.

The ASM and AIM were analysed on a 2D-gel Protean IEF cell (Bio-Rad), according to the
manufacturer's instructions. ASM (170 pg in 80 ul) and AIM (1 mg in 125 pl) were rehydrated in
the rehydration buffer. Only a part of AIM was solubilized. 7 cm linear pH 3—-10 immobilised pH
gradient (IPG) strips were re-hydrated overnight, and IEF was processed (250 V for 15 min,
followed by 8000 V until 10,000 Vh). The strips were transferred in the equilibration buffer, before
being rinsed in TGS buffer, positioned on top of precast gradient gels (Mini-Protean III, 4-12%
polyacrylamide), and fixed in place with an overlay solution of 0.5% agarose / TGS (w/v). The
second dimension electrophoresis was performed in standard conditions and the gels were

subsequently stained with Bio-Safe Coomassie G250 (CBB) and with silver nitrate.

In vitro calcium carbonate precipitation assay.

In vitro precipitation of CaCO3 was performed by slow diffusion of ammonium bicarbonate vapors
into calcium carbonate chloride solution, containing or not dilute ASM, according to a published
protocol [22]. Briefly, 200 pL of 10 mM CaCl, solutions containing serial dilutions of the ASM,
were applied into a 16-well culture slide (BD Falcon, Becton Dickinson, Franklin Lakes, NJ, USA),
the cover of which was formerly pierced (1 mm diameter holes). The culture slide was sealed with
parafilm, to allow diffusion only through the holes. Blank controls (calcium chloride solution
without ASM) were performed. The samples were put in a desiccator containing ammonium
bicarbonate crystals. The air was pumped out and the desiccator was stored at 4 °C for 48h.
Subsequently, the crystallization solution in each well was discarded by suction with a blunt-ended
needle connected to a vacuum pump. The culture slide was dried at 50 °C for 2 hours, disconnected
from the plastic wells and subsequently observed directly under a tabletop scanning electron

microscope (Hitachi TM-1000), without gold/carbon sputtering. The test was repeated four times.



Proteomic analysis of the ASM and AIM by nanoLC-MS/MS

For both fractions (ASM, AIM), the trypsin digestion was performed in solution. The samples were
denatured with 50puL of Guanidine 7.2M/Tris 100mM buffer for 15min a 50°C. Reduction was
performed with SuL of 100mM Dithiothreitol (Sigma-Aldrich) in Tris100mM for 30min at 50°C.
Alkylation was performed with 10 pL of 200 mM Iodoacetamide (Sigma-Aldrich) in Tris100mM
for 30min at room temperature in the dark. Then the solutions were diluted to obtain a 0.8M
Guanidine concentration and treated with 1 ug of trypsin (Sequence grade, Promega) in 10 uL of 50
mM NH4HCO; at 37°C.

The samples were purified on C18 SpinTips (ProteaBio) according to the manufacturer protocol
except elution done by 50uL of... and 50uL of CH3CN/H2O/TFA 80/20/0.1%. Then 1uL of
sample was injected into the nanoLC-nanoESI-MS/MS system for analysis. Tryptic peptides were
analyzed by mass spectrometry performed using a LTQ Velos instrument (Dual Pressure Linear Ion
Trap) equipped with a nanospray source (Thermo Fisher Scientific) and coupled to a U3000
nanoL.C system (Thermo Fisher Scientific). Using the software Xcalibur 2.1 (Thermo Fisher
Scientific), a MS survey scan was acquired over the m/z range 400-1600 in Enhanced resolution
mode. The MS/MS scans were acquired in Normal resolution mode over a dynamic m/z range for
the 20 most intense MS ions with a charge of 2 or more and with a collision energy set to 35¢eV.
The spectra were recorded using dynamic exclusion of previously analyzed ions for 0.5 min with 50
millimass units (mmu) of mass tolerance. The peptide separation was obtained on a C18 PepMap
micro-precolumn (5 um; 100 A; 300 pum x 5 mm; Dionex) and a C18 PepMap nanocolumn (3 pm;
100 A; 75 um x 150 mm; Dionex) using a linear 120 min gradient from 0 to 40% of solvent B,
where solvent A was 0.1% HCOOH in H,O/CH;CN (95/5) and solvent B was 0.1% HCOOH in
H,O/CH3CN (20/80) at 300 nL/min flow rate.

In silico proteomic data analysis

Protein identification was performed with the MASCOT 2.2.4 Algorithm through the Proteome
Discoverer software v1.1 (Thermo Fisher Scientific). The Pliv proteome database, comprising
124032 entries, was used for that purpose. This protein dataset results from the translation of the
genome and transcriptome of Paracentrotus lividus. The nucleic acid sequences were formerly
generated in the frame of the ‘Arca di Noe’ sea urchin network, a subset of the NOI (Network Of
Excellence) "Marine Genomics Europe (MGE)", a consortium comprising 44 institutions from 16
countries within and outside Europe. The different datasets on P. /ividus are in restricted access on
the website of the Villefranche-sur-Mer Marine Laboratory (UMR CNRS-UPMC 7009, see

http://octopus.obs-vlfr.fr/) but are accessible upon request and will be publicly available soon.

Another interrogation was performed with an in-house unpublished non redundant dataset made



from the collection of about 800 proteins associated to calcium carbonate biominerals of several
metazoans, from sponges to vertebrates (hen eggshell and fish otoliths). In this dataset, echinoderms
are represented by the sea urchins Strongylocentrotus purpuratus, Lytechinus pictus, Hemicentrotus
pucherrimus, Heliocidaris erythrogramma and Heliocidaris tuberculata. The protein hit sequences
obtained were further characterized via the following proteomics tools: ClustalW, InterProScan,

ProtParam, which are available at www.expasy.org/proteomics/.

Biochemical analysis of the ASM and AIM.

Western-blot and ELISA were employed for the analysis of the test matrix. Specific polyclonal
antibodies were raised and used to identify carbonic anhydrase; and the presence of CTLs was
tested using heterologous antibodies raised against SM30 and SMS50, from Strongylocentrotus
purpuratus (gift from Prof. Dr. F. Wilt, University of Berkeley, USA). For the Western blot, ASM
and AIM samples were fractionated by size on a denaturing SDS-gel and then electro-transferred on
PVDF Immobilon-P membranes (Millipore Corp.) using the Mini-Trans Blot module (Bio-Rad) for
90 min at 120 mA. The membranes were subsequently blocked in 1% gelatin in Tris-buffered saline
(TBS) for 30 min and then incubated overnight at 20 °C with the specific polyclonal antibody anti-
PI-CA (dilution 1:1000), developed in mice and elicited against recombinant P/-CA protein,
following standard Western Blotting procedure [24]. Negative controls were performed with the
pre-immune serum.

Conventional ELISA technique (Enzyme-Linked Immuno-Sorbent Assay) was employed for the
identification of SM30 and SM50 [25] in the ASM, by using 96-well microplates (Nunc Maxisorb).
200 ng/well of antigen (ASM) were incubated (37°C, 90 min.). After discarding the solution, three-
times rinsing (TBS-Tween 20) and blocking with gelatin solution (1% wt/vol in TBS buffer), the
preparation was incubated with the first antibody overnight, at 4 °C, thoroughly rinsed (three-times)
and incubated 1 h with the secondary antibody at a dilution of 1:30000 (GAR/AP conjugate, Sigma
A3687). After thorough rinsing, the staining was obtained by incubation with substrate (aqueous
solution of diethanolamine containing p-nitrophenylphosphate). The microplate was read at 405 nm
(Bio-Rad multichannel spectrophotometer). Absorbance values were normalized in percentages,

with the highest value set as 100%, and the blank, at 0%.

Results

Matrix extraction and purification
The extraction procedure represents a crucial step for the identification of biomineralization-related

proteins from matrices. We employed a stringent method involving three key-steps for the



extraction and purification of the matrix, to preclude the presence of contaminants and to guarantee
the identification of exclusively native matrix proteins. We used two different sample batches that
gave similar yields, suggesting that in either case, the extraction and purification procedure did not
result in loss of sample, and ensuring the reproducibility and robustness of the results (Table 1).

The first extraction step comprised a thorough and extended bleaching treatment with sodium
hypochlorite, to remove soft-tissue contaminants and was monitored by scanning electron
microscopy (SEM, Fig. 1). The second step involved a slow and mild decalcification treatment of
the biomineral using acetic acid, to expose the occluded matrix. Finally, the third crucial step
involved the thorough separation of the matrix proteins, based on their solubility in acetic acid [26].
Acetic acid-soluble (ASM) and —insoluble (AIM) fractions were obtained by centrifugation
followed by ultrafiltration and dialysis of the ASM. Each fraction was finally lyophilized and
quantified by direct weighing. The ratio of the soluble matrix to the insoluble one, ranged between
1:7 and 1:10. The combined fractions represented approximately 0.025% w/w of the dry weight of
the biomineral (Table 1), confirming previous results from various marine species indicating a
range of 0.02% - 0.1% of the occluded proteins of the matrix to the biomineral mass [26, 27]. It is
noted that our yield is consistently lower than the yield previously found by Mann et al., [13]

(0.8%) on matrix extracted from tests of S. purpuratus.

Table 1 Mass and yield of the acetic acid-soluble (ASM) and acid-insoluble (AIM) matrices
extracted from each batch of purification (Batch I and II)

Batch
ASM AIM ASM/AIM ratio  Total
Batch I 0.60 mg (0.0024 5.5 mg 0.109 6.1 mg
25¢g %) (0.022 %) ' (0.0244 %)
Batch 2 0.70 mg (0.0028 5 mg 0.140 5.7 mg
25g %) (0.020 %) ' (0.0228 %)

1D- and 2D-gel electrophoreses of the skeletal matrices

The occluded matrices (ASM and AIM) extracted from clean tests were analyzed by mono-
dimensional SDS-PAGE. Gels were subsequently stained with Bio-Safe Coomassie G250 (CBB),
silver nitrate (AgNQOs), Alcian blue and carbocyanine, providing constitutive information on the

protein patterns of each fraction. CBB stains mainly proteins, while silver nitrate stains



indiscriminately most of the macromolecules; Alcian Blue stains acidic glycoconjugates while
carbocyanine stains in blue proteins that putatively bind calcium. The results are shown in Fig. 2.
CBB did not stain the ASM, but stained better the AIM for which three prominent bands were
visualized above 40 kDa, 25 kDa and below 25 kDa. Several more diffuse bands were
distinguished, in particular in the range between 70 kDa and 15 kDa (Fig. 2A). Silver staining was
more efficient in staining ASM and AIM than CBB, as more bands were identified (Fig. 2A). The
results of the Alcian blue and carbocyanine staining are shown in Fig. 2B. The protein band patterns
of the ASM and AIM suggest that the protein content, from a qualitative viewpoint, is different in
each sample. However, certain proteins exhibiting identical apparent molecular mass (~25 kDa, ~50
kDa) are found in both the soluble and insoluble matrices. The ASM, stained with Alcian Blue,
shows a faint and diffuse smear. A strongly stained smear of the AIM (with two prominent bands at
50 kDa and 70 kDa) is observed. Carbocyanine (Stains-all) stained blue several discrete bands of
the AIM, suggesting that they are presumably able to bind calcium. Carbocyanine mostly stained
blue the lower molecular range macromolecules of the ASM (below 25 kDa, Fig. 2B, lane 5) and
the higher molecular weight range macromolecules of the AIM (until 70 kDa, Fig. 2B, lane 6). In
both fractions, macromolecules of 10 kDa, 23 kDa and 70 kDa, were stained.

Additionally, for a detailed characterization of the proteins and the post-translational modifications
in each fraction of the matrix, the ASM and AIM were separately analysed by 2DE (Fig. 3). In the
case of AIM, an extremely limited part of the matrix was dissolved in the rehydration buffer. As
expected, the protein spots were visualised better when stained by silver nitrate. In the ASM, a
group of at least six alkaline proteins (p/ = 6 to 8) of around 60 kDa and 70 kDa and a single acidic
spot (p/ = 3) of 30 kDa, were visualised (Fig.3A). The AIM mainly included a group of four acidic
to slightly acidic proteins (p/ = 3 to 7) of 20 kDa and 30 kDa, as well as a neutral spot (p/ = 7) of
130 kDa (Fig. 3B).

Proteomics of the test matrices

The biochemical characterization performed in this study was complemented by a proteomic
analysis that emphasized the role of a limited number of protein families in the biomineralization of
P. lividus test. The ASM and AIM test extracts were analysed by nano-LC-MS/MS after trypsin
digestion and the peptide sequences were used for screening the Basic Local Alignment Search
Tool, using the proteome database of A2 /Jvidus at http://octopus.obs-vifr.fr. To ensure the
reproducibility of the results, we separately analysed two batches of ASM and AIM, numbered
batch I, and batch II. The results are outlined in Table 2 and in the Supplementary Table S1, while
some of the rough spectra data are also shown in Supplementary Figure S2. Table 2 and Table S1

indicate that both batches gave congruent results, i.e., batch II contains all the protein hits found in



batch I. We observed however that batch II generated additional hits compared to batch I. In all the
cases, at least two peptide sequences corresponding to each protein hit were identified, guaranteeing
the robustness of the results. In most cases though, each protein sequence was identified by several
peptides (i.e. up to 14 for contigl7238). In ASM I, 17 peptides corresponding to two protein
sequences and two contigs were identified. ASM II generated a list of 23 peptides corresponding to
4 protein sequences and two contigs. AIM I generated a list of 57 peptides that corresponded to 6
protein sequences and two contigs. At last, AIM II generated 74 peptides that gave hits with 7
protein sequences and two contigs.

It is worth-mentioning that some protein hits of the ASM batches were also identified in the AIM
ones, suggesting that the identified matrix proteins can be in both soluble and insoluble states. This
also suggests that the two matrices may exhibit a relatively high degree of similarity, a finding
consistent with previous observations made in two mollusk models, namely the freshwater mussel
and the nautilus [28, 29].

Overall, 13 different proteins were identified in the occluded matrix of P. lividus test, from 9
contigs and 8 sequences (Table 2). They include five lectins, three members of the MSP130 family,
two almost identical carbonic anhydrases, one matrix-metalloproteinase, actin and myosin. These
proteins can be consequently clustered in four different groups: (I) C-type lectins, a class of
glycoproteins that are able to bind mono- and disaccharides [30], (II) proteins of the MSP130
family, (IIT) metallo-enzymes and (IV) cytoskeletal proteins.

The lectin sequences identified in the Paracentrotus lividus proteome dataset correspond to contigs
6474, 14265, 14621 and 15948 and to the sequence s36065. They all contain a calcium-dependent
(C-type) lectin domain either in their N-terminus (contigs 15948, 6474, and 14621), middle
(sequence s36065), or C-terminus (contig 14265). A search for homology using BLASTP against
the whole UniprotKB database shows that all of them match, at different degrees, to lectins from
various sea urchins: for example, contig14265 is 81% identical to the spicule matrix protein SM29
from Strongylocentrotus purpuratus (QSMULO_STRUPU) and that contig14621 is 73% identical to
SM41, the spicule matrix protein from Hemicentrotus pulcherrimus (Q26264) but exhibits also
similarities with SM50 and SM32 from Strongylocentrotus purpuratus (respectively P11994 and
QI9MULLI) and with SM34 from Lytechinus pictus (Q05904). The sequence s36065 is 86% identical
to PM27, the 27-kDa spicule matrix protein from Strongylocentrotus purpuratus (Q26616), and 83
and 81 % identical to the two PM27 sequences of Heliocidaris tuberculata and erythrogramma,
respectively (Q95W97 HELTB and Q95W86 HELER). Interestingly, contigs15948 and 6474,
identified both in ASM II and AIM I, correspond to two sequences that exhibit similarities with two
uncharacterized lectins from Strongylocentrotus purpuratus, Sp-C-lectin/PMC1 (W4Z192 STRPU,
database entry Glean3:27906) and Sp-Clect 76 (W4YDJ5 STRPU, database entry Glean3:13825),



respectively. These two lectins are derived from genes SPU 027906 and SPU 013825.
Interestingly, in a former study [15], they were identified in the four calcified compartment of S.
purpuratus, namely the test, the spines, the teeth and the spicules. Contigl 5948 corresponds to a
480 aa long protein, of 53 kDa theoretical mass and of basic isoelectric point (9.69). Downstream
the C-type lectin N terminus (aa 13 to 192) and a short threonine-rich spacer (aa 193 to 216),
contigl 5948 exhibits a long ‘repetitive low-complexity domain’ (RLCD) almost entirely constituted
of a succession of triplets (aa 217 to 449) of the P-x-y type. This RLCD can be subdivided in
different sub-domains: one, from aa 226 to 270, is made of perfectly alternating PNR and PGV/F
triplets, the second one, from aa 271 to 324, corresponds to P-x-y triplets where X is often G or Q,
and a third one, from aa 325 to 357, which exhibits exclusively H residues in x positions.
Downstream (aa 358 to 449), the succession of triplets is less perfect and contains intercalating aa
residues (one to three) that disrupt the ternary periodicity. The overall sequence of contig15948 is
highly enriched in proline residues, which account for more than 21% of the sequence. Contig6474
has a similar primary structure and exhibits a basic theoretical isoelectric point (9.73) though it is
much smaller (243 residues, 26 kDa of theoretical mass). It contains a C-type lectin domain at its N-
terminus (aa 1 to 126) followed by a long domain (aa 127 to 225) mostly constituted of P-x-y
repeats, interspersed from time to time by one (G, S, R, or N) or two (GG, NN) residues. Its overall
sequence is enriched in proline (17%) and glycine (14%) residues.

In the proteome of P. lividus, the MSP130 protein family is identified by at least six sequences
(contigs 17159, 17238 and sequences s8835, s11289, s13733 and s72921). The contigl7159 is
identical to sequences s72921 and s13733. They exhibit an 80% identity with MSP130 protein from
the sea urchin Heliocidaris tuberculata (Q9GP17_HELTB) and 78%, with that from Heliocidaris
erythrogramma (Q9GP19 HELER). The contigl7238 exhibits a high degree of similarity to
sequence s11289. Both are 72% identical to the MSP130-related-2 protein of Strongylocentrotus
purpuratus (QSMUK7 STRPU). Finally, the sequence s8835 is 72% identical to the MSP130-
related-1 protein of the same species (QSMUKS8 STRPU).

Concerning the metallo-enzymes, two distinct protein families were identified: at first, two
sequences (contigl4487 and s75885) encoding for carbonic anhydrase were obtained in the
Paracentrotus lividus proteome dataset: Although of different length sizes, their overlapping parts
are almost identical and differ only by one aa residue (valine versus alanine) at the C terminus (10™
position upstream the last leucine residue of contig14487). Secondly, another identified sequence,
s77447, encodes for a protein that is 87% identical to two uncharacterized matrix
metalloproteinases ~ (MMP)  of  Strongylocentrotus  purpuratus ~ (W4YD41 STRPU,
W4YD42 STRPU). Furthermore, s77447 exhibits lesser similarities with a large set of other matrix

metalloproteinases of diverse sources, including an uncharacterized MMP from the giant owl limpet



Lottia gigantea (V4B204 LOTGI), MMP-17 of the edible oyster Crassostrea gigas
(K1R1S7_CRAGI), MMP-14 of the parasitoid Fopius arisanus (AOAOC9QERE 9HYME).

Finally, three sequences encoding cytoskeletal proteins were obtained by blasting peptide data

against the proteome dataset of Paracentrotus lividus. These sequences include contig20288 that

encodes for myosin, and contig20740 and sequence s10890, both encoding for actin.

Table 2 Summary of the peptides identified by nanoLC-MS/MS and prediction of the proteins

Accession Protein ASM coverage
No. similarity

Contig14265 C-type lectin - GCLPGWTNFG
SM29 NYCFK

- LPYDEANNVCR

Contig17238 MSP-130- - SWFNNNLDASS
related 2 TPSAK

- AVAEFYPQVFN
SK

- IGDIDPSK

- TPDNFNYLMVT
GK

- LGNLQVSK

= SGTLTMYR

s8835 MSP-130- - SAYDADMMVA
related 1 YTAGR

- AMNDPTQLGQL
R

- GIGDLDPDSIVFI
PAEK

- VSGTITMYQIYE
IPR

- MSYNQLYR

AIM coverage

ALPTGGRPGMPMPPPGHLVVTKDMNHNKFQHNWLRYTGGGNNKI
WMGLAELPSDPESNR

LPYDEANNVCR

FKPDQPQQNAHR

ITAPATDIAQCGFLVAWITR

ITDPGTVHVWDMYR

WNSLCTGSVGSNPVSLK

GTAAEDPTSGTFTDPEGTISIVRIVKSNRQQQQGGQPNFPR

AKTPDNFNYLMVTGKKSGTLTMYR

FNNMVGMQFLQGIR

SWFNNNLDASSTPSAK

LGNLQVSK

AVAEFYPQVFNSKSYTPDAQSHGPVSQMDQASTKR

FSILMENKRIGDIDPSK

SYFGLESYLFTADEGAPTTYTMGNKR

GTAAEDPTSGTFTDPEGTISIVRIVK

RFNNMVGMQFLQGIR

VSFGR

QGKTMPIYALNRGAAEKSAYDADMMVAYTAGR

SAYDADMMVAYTAGR

TIDFTLFNDPTFAPMLEAQFIR

RRAMNDPTQLGQLR

ADVQDLQNDLR

LPLVMVTSRVSGTITMYQIYEIPR

VAPGNLINR



s13733

536065

Contig15948

$11289

Contig14487

Contig6474

Contig17159

§72921 =
Contig17159

MSP-130

sp27

C-type lectin

MSP130
family

Carbonic
anhydrase 2

lectin

MSP-130

MSP-130

ADVQDLQNDLR

FNAPAEVQR

FNAPAEVQR

MTGDLSPESLT
FIPPEK

GGWFQIGQQC
FK

AIDIPFWTGLQN
K

MGQWYVR

EDAMVACTEIP
EVIGGKLLDITD
YDNFK

WNSLCTGSVG
SNPVSLK

GTAAEDPTSGT
FTDPEGTISIVR

VSTENMYVLR

YNGSLTTPK

EATFFCSRYGG
SLYALDSPSK

MSYNQLYR

GIGDLDPDSIVFIPAEK

AIDIPFWTGLQNKWNQLLERY

EDAMVACTEIPEVIGGKLLDITDYDNFK

YGGSLYALDSPSKNR

QPYTGQLGDPGPNTFSQGLEPR

FSLVDGNNPNDPEIFDQVYMFGGR

IFNGAAIHGNPR

MTGDLSPESLTFIPPEK

FNAPAEVQRLKALHVRQPYTGQLGDPGPNTFSQGLEPRHITLDAR
E

TRFSLVDGNNPNDPEIFDQVYMFGGR

SSDRGPECESLAVGDVQGRK

DGHIGHTYQKLYAERMTGDLSPESLTFIPPEKSLNNKPHLLVTGR

FNAPAEVQR

QPYTGQLGDPGPNTFSQGLEPRHITLDAR

TRFSLVDGNNPNDPEIFDQVYMFGGR

SSDRGPECESLAVGDVQGR

DGHIGHTYQKLYAER



- SLNNKPHLLVTGR

- LGNLQVSK

- AVAEFYPQVFNSK

- SYTPDAQSHGPVSQMDQASTK

- FSILMENKR
- IGDIDPSK
Contig14621 SM41 - GWPVNPQNPLAPAPGSAPIMKRQAPPTRPGQGGQQIPAGVGPQW
DLLAVTEMR
s75885 Carbonic - KQSPINIQTRDVVQADLGEFVFDGLQSNFGPQVGGHPGR
anhydrase 2
- GLHGYNSAPTTRVEVSNDGHTLKVSTENMYVLR
- YNGSLTTPK
sT7447 MMP17 - VLSSAFQVWGDVARLDFNPTRFPKA
= GIQSLYGAR
- YAVQHGWSK
= QVSTFKDNEVFFIAETR
Contig20288 Myosin - RAINDLQNSKSRLGSENSDLARQLEDLENQLSQLNKTRT
- VNGELNQLR
Contig20740 Actin - AGFAGDDAPR
s10890 Actin - AVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKR

A posteriori confirmation of the presence of specific markers in the matrix

Since our proteomic analysis revealed the presence of C-type lectins (CTLs) and of carbonic
anhydrase (CA) in the test matrix, we confirmed their effective presence in the different skeletal
extracts by ELISA or by Western-blot, by using heterologous or homologous polyclonal antibodies.
Fig. 4B demonstrates the ELISA results performed on the ASM using heterologous polyclonal anti-
SM30 and anti-SM50 antibodies (against S. purpuratus). Because of its low solubility, AIM could
not be tested by this technique. The results showed that the antibodies cross-reacted with the ASM,
giving a classical sigmoid response (in function of the antibody concentration), the one obtained
with anti-SM50 being stronger. These results confirm our proteomic analysis and indicate the
presence of CTL domains in the ASM, without specifying the identity of the targeted proteins.
These antibodies were also used in Western blots, but the results (not shown) presented a high

background in spite of our multiple attempts.



Fig. 4A shows the Western blot pattern of the matrices, when incubated with an antibody elicited
against embryonic P. /ividus carbonic anhydrase (P/-CA). In both ASM and AIM, this homologous
antibody shows that CA is present as a component of the test matrix of 2. /Z/vidus, confirming the
proteomic data that identified P/-CA in the two fractions. The band of P/-CA, identified in the AIM
was slightly higher (second lane, around 27 kDa) compared to the equivalent band in the ASM (first
lane, around 24 kDa), suggesting that this protein might be post-translationally modified
(glycosylation), but this possibility was not investigated further. Additionally, a second band at 58
kDa was identified by Western blot in the ASM but not in the AIM suggesting the presence of a
CA-related protein of higher molecular weight; we cannot exclude the possibility that this band is a
PI-CA dimer, in spite of the denaturing gel conditions (SDS and B-mercaptoethanol).

In conclusion, PI-CA (identified by ELISA, Western Blot and by proteomic analysis LC-MS/MS),
SM30 and SM50 (identified by ELISA and LC-MS/MS), are components of the protein matrix
extracted from the adult mineralized tests. Furthermore, our results show that P/-CA and CTL-

containing proteins, identified in embryonic skeletons, are also expressed in the adult skeleton.

In vitro functional crystallization assay: interaction of the ASM with calcium carbonate

The ASM of the test extract was assayed in vitro, by the diffusion method, for checking its effect on
the formation of calcium carbonate. Note that, to obtain homogeneous results, this experimental
device is miniaturized. Thus, it does not allow producing sufficiently large amount of crystals, in
order to collect them, dissolve them and perform proteomics to identify the crystal-occluded
proteins. The results are shown in Fig. 5. Increasing concentrations of the whole ASM extract,
varying from 5 pg/ml to 100 pg/mL, were tested. In control blank experiments, no protein was
added, resulting in the production of calcite crystals with the typical thombohedral habitus. ASM
modified the crystals in a dose-dependent manner. Polycrystalline aggregates of various sizes were
observed in the presence of ASM at concentrations varying from 5 pg/mL to 25 pg/mL. At 50
pug/mL, large polycrystalline aggregates and ellipsoidal-like crystals were observed. At
concentrations as high as 100 pg/mL, exclusively ellipsoidal-like crystals were formed. No
inhibition of the crystal formation at any concentration was recorded (Fig. 5). Our results illustrate
the strong interaction of the ASM with the mineral. This interaction was dose-dependent, i.e.,

stronger at higher ASM concentrations.

Discussion
We have identified and characterized components of the test matrix of the sea urchin Paracentrotus
/ividus, a common species distributed throughout the Mediterranean Sea and in the North-Eastern

Atlantic Sea. P. lividus is a key-model for developmental studies, but molecular data on the



biomineralization process of its skeletal tissues are fragmentary. The occluded matrix
macromolecules of its test were extracted by decalcification and characterized by biochemical
assays and proteomic analysis. The biochemical characterization comprised mono- and bi-
dimensional electrophoreses, Western blots, ELISA and in vitro functional crystallization assay,
while LC-MS/MS was employed for the proteomic analysis.

The number of proteins identified in this study is significantly lower (by a factor of ten) than what
reported in previous findings on S purpuratus, listing a total of 110 different proteins in the matrix
of test and spines [13]. One may claim that the paucity of protein hits may be the result of three
different combined factors: the quality of the dataset used for the interrogation; technical aspects of
the trypsin digestion; the abundance of proteins with RLCDs (Repetitive Low Complexity
Domains) in the matrix of Paracentrotus lividus; The first possibility may be ruled out since the
proteome dataset of P. [lividus, with 124032 entries, is rather complete, and since all the
‘biomineralization proteins’ (sensu lato) identified in S. purpuratus were identified in P. lividus
proteome. Secondly, about the technical aspects of trypsin digestion, one often asserts that bulk
digestion (‘in-solution’) have a lesser efficiency on protein mixtures than in-gel digestion [30].
However, this type of digestion may miss low molecular weight and high molecular weight
proteins, while in-solution digestion takes in account all the proteins whatever their mass;
furthermore, in our case, the digestion procedure has been optimized. About the third factor, it is
known indeed that calcium carbonate biominerals contain numerous proteins with Repetitive Low-
Complexity Domains [31], and that RLCDs-containg proteins of the ‘biomineralization type’ (i.e.,
with abundance of Gly, Ser, Pro, Asp, Ala, Gln) have statistically less chance to be cleaved by
trypsin than ‘standard’ proteins, or will generate very long peptides which cannot be accurately
analyzed by MS-MS. As many proteins of the skeletal matrix of S. purpuratus have homologues in
the matrix of P. lividus, it is however rather unlikely that the two matrices have very dissimilar
amounts of biomineralization RLCD-containing proteins, that would explain the discrepancy.

We believe that the stringent extraction conditions that we employed, including the overnight
bleaching treatment, is probably the main factor explaining the discrepancy between the low
number of proteins identified in our case, in comparison to the high number identified in former
studies [13]. Our treatment keeps intact the occluded proteins that are tightly bound to the mineral
phase, degrading other proteins, in particular, superficial ‘adsorbed’ proteins that may or may not be
involved in regulating the bio-calcification process. We think that an accurate cleaning of the bio-
mineralized structure is required for avoiding contaminants that may randomly adsorb onto the
mineral surfaces, but have probably little or no role in the regulation of the mineral deposition. On
the other hand, we cannot exclude that a drastic bleaching treatment may degrade some proteins

that are required for modulating mineral deposition but that are not occluded in the mineral phase,



just simply adsorbed. To the ‘stringency factor’, we cannot rule out another factor, the high
insolubility of the AIM. AIM represents indeed about 90% of the matrix, and its high insolubility
properties may preclude its proper digestion by trypsin, resulting in the limited release of peptides,
and subsequently, in partial identification of key proteins present in this fraction. However, we
obtained similar results (i.e., few hits) with the ASM fractions, suggesting that the solubility
parameter does not play important role in the number of identified proteins. Finally, since our
purpose was to keep stringent conditions for the identification of the matrix components, we used
strict threshold values for filtering proteomic data.

We identified a dozen proteins that can be categorized in four different groups. It is important to
highlight that all the identified proteins have also been found in the sea urchin embryo [15]. This
suggests that these proteins have a crucial role at different stages of the sea urchin development,
from the embryo to the adult. Moreover, previous studies on the embryo offer insights on the
functional aspects of each protein in the adult mineralization. We suggest that the small subset of
the proteins found in the adult tests as described in this work, has an exclusive and direct role in
biomineralization and satisfies the functional requirements of biomineralization. These groups are:
(I) C-type lectins (CTLs), (II) proteins of the MSP130 family, (III) metallo-enzymes, and (IV)
cytoskeletal proteins.

The first group comprises five calcium-dependent lectin domain-containing proteins, also referred
as CTLs. They represent a large class of glycoproteins able to bind mono- and di-saccharides [32].
In sea urchin skeletal tissues, they were the first family of proteins to be identified [33] and are
usually considered as the most prominent actors of the bio-calcification of this class of
echinoderms. For example, PM27, which is closely related to the sequence s36065, is a
biomineralization protein, previously extracted from NaOCl-cleaned demineralized embryo spicules
from S. purpuratus [34] and described as a skeletal protein specifically associated with the mineral
growth [35, 36]. PM27 exhibits a glycine-loop structure in its Pro-Gly-Met repeat sequence motif,
which is associated to protein elasticity, this parameter being linked to the fracture resistance in
biomineralized structures. We suggest that the homolog of PM27 in P. lividus may play a key-role
in the elasticity of the sea urchin test. The spicule matrix protein SM29 has been previously
described in the embryo as a secreted basic protein, which includes a signal sequence, a CTL-
domain and a proline-rich region [37]. The SM32 protein is also a secreted, basic protein, closely
related to SM50 (~60% amino acid identity to the corresponding CTL domains), which contains
twenty-eight PXY repeat elements, where X is usually an asparagine and Y is usually a glutamine.
Similarly, SM41 belongs to the SM50 sub-family, which represents the most abundant occluded
matrix protein in the sea urchin spicules. The SM50 members exhibit a CTL domain and an

extensive proline-rich region, which facilitates the formation of a network serving as functional



template for the deposition of the biomineral. We observed the presence of several CTLs in the test
matrix. Accordingly, a similar strategy is employed in the embryo, where PMCs express various
proteins containing CTL domains [38]. Indeed, several of these proteins, i.e. PM27 and SM30,
exhibit different localization and expression patterns in the embryo, suggesting different roles in
biomineralization, such as defining the extracellular space (PM27, SM50) or regulating the
secretion of the mineral [34]. It is also important to mention that the CTL-containing proteins
identified here also contain abundant amounts of weakly hydrophobic amino acid residues, such as
glycine and proline. The repetitive nature of the glycine-rich (GRP) domains is likely to allow the
formation of B-sheet structures. Glycine repeats, tightly bound to polysaccharides/carbohydrates,
facilitate cell adhesion between neighboring cells in various biological systems, promoting protein-
protein interactions and tissue formation [39]. Protein cross-linking determines the hardness and
stiffness of several hard tissues of marine invertebrates. As an example, the beak of the jumbo squid
(Dosidicus gigas) mainly consists of chitin fibers and glycine-rich proteins, offering increased
hardness, stiffness and plasticity properties [40]. PI-SM30, which contains a poly-glycine region
and a CTL-domain, may act as a cross-linking agent to promote the deposition of calcite. Similarly
to the Gly-rich regions, extensive proline-rich regions and proline repeats (PGM) serve as binding
domains in protein-protein interactions. Due to their hydrophobic surface, they bind well to flat
hydrophobic surfaces or heavily glycosylated proteins, thus promoting the solubility of the protein
complex in water. In accordance, Gong et al [41] showed that the proline-rich protein SM50, which
exhibits a high similarity (above 80%) with the SM32 and SM41 proteins identified here, stabilizes
a hydrated form of amorphous calcium carbonate (ACC+H,O) in vitro. From a general viewpoint,
this type of regulation of the mineral phase transition by organic molecules is commonly
encountered in numerous CaCOs-mineralizing organisms [41].

The second protein group comprises proteins of the MSP-130 family [42]. MSP-130 is a
biomineral forming mesenchyme-specific cell surface glycoprotein that was represented by several
peptides in all the four fractions (ASM and AIM, batches I and II). MSP-130 has been identified as
a PMC-specific protein: it comprises two glycine-rich regions toward the amino-terminal end [43]
and binds calcium [42, 44]. The msp130 mRNA was localized in PMCs associated with the rapidly
growing tips of the spicular skeleton, in the pluteus larva [35, 45]. Ettensohn [46], showed that
MSP-130 proteins are present in several invertebrate deuterostomes and in molluscs; in addition,
related proteins are found in bacteria and in several algae, suggesting that horizontal gene transfer
occurred for mspl30, allowing the evolution of biomineralization in metazoans. Accordingly,
Livingston et al. [47] have proposed that pre-vertebrates and echinoderms might have utilized a
shared genetic “toolkit” to carry out biomineralization. In accordance, Cameron et al. [48]

identified three msp-130 genes, a matrix metalloproteinase and a carbonic anhydrase involved in



biomineralization in the S. kowalevskii-translated genome, underlining the importance of these
proteins as well as the evolutionary relationship between the genetic biomineralization programs in
echinoderms and hemichordates. In conclusion, MSP-130 is a key-player of biocalcification of the
sea urchin, although its exact role is still unclear. It is a well-conserved protein that exhibits
homologues in various biomineralizing systems. In the present study, we identify MSP-130 and
MSP-130-related-1 and -2 proteins as major compounds of the P. lividus test matrix.

The third group of proteins corresponds to two metalloenzymes: one member of the matrix
metalloproteinase family (MMP) and, one carbonic anhydrase (P/-CA). These zinc-containing
proteins were identified in both the ASM and the AIM. Matrix metalloproteinases (MMPs) and
carbonic anhydrases have conserved functions in the biomineralization process of echinoderms,
metazoans [49] and vertebrates [47, 50-52]. Two hundred and forty metalloprotease putative genes
were identified in the S. purpuratus genome and authors claimed that their activity is linked to
developmental functions, including the modification of the extracellular matrix, as well as the
regulation of signaling pathways or modulation of the cellular adhesive properties [53]. Mann et al.
[13] have also identified several MMPs in S. purpuratus proteome and speculated that they take
part in the maturation of spine and test matrix proteins. Interestingly, MMP activity was shown to
be required for the genesis of spicules in the sea urchin embryo, by promoting the delivery of
calcium carbonate and matrix proteins to the sites of spicule growth [54]. Interestingly, in
mammals, MMPs were shown to play an essential role in modeling/remodeling the skeletal and
extra skeletal connective tissues [55]; and their activity was shown to depend on the concentration
of manganese [56]. Here, we identify one MMP in the occluded test matrix as an important player
of sea urchin biomineralization. Additionally, we showed by MS-MS analysis that this protein is
present in both soluble and insoluble forms.

Besides MMP, carbonic anhydrase (CA) was also identified in our study. It was previously
characterized in the sea urchin embryo as a PMC-specific biomineralization protein involving a
glycine-rich N-terminal domain that potentially facilitates protein-protein and protein-mineral
interactions; and a CA-specific domain which retains all the crucial residues required for carbonic
anhydrase activity (Karakostis ef al., submitted in Marine Biotechnology, MBT-15-0118). In that
manuscript, we proposed a dual function of PI-CA in embryo biomineralization, acting both as an
enzyme catalyzing the hydration of CO; and as a regulator or co-enzyme of other proteins, by
promoting protein-carbohydrate interactions. Here, we confirm that P/-CA is present in both the
ASM and AIM of the adult tests. CA has been described in various systems as an essential regulator
of calcification. By catalyzing the reversible hydration of CO,, it promotes the saturation of
bicarbonate (HCO3') and carbonate (COs*) anions at the mineralization site, which interact with

Ca’' cations, to form CaCOj; minerals. Indeed, the calcification process is fueled by bicarbonate



(HCO3; ) supply, which is partially absorbed from the seawater (40%) and partially generated from
metabolic CO; (60%) [57]. The importance of CA activity in skeletogenesis was shown by
inhibition experiments, leading to perturbation of the skeleton formation in the embryo [58, 59].
Indeed, inhibition of CA blocks skeletogenesis and echinochrome production in P. /ividus and H.
tuberculata embryos [60]. Previous analysis on S. purpuratus has also identified CA in the
proteome of test and spines [13]. Here, we identified the embryonic P/-CA as a component of the
skeletal matrix of adult tests, emphasizing the importance of this protein in sea urchin
biomineralization during all developmental stages.

The fourth group is represented by the cytoskeletal proteins, myosin and actin. These two proteins
have already been identified in the skeletal matrix of different metazoans [61-63]. Their presence in
calcified tissues is often interpreted as cellular contaminations [64]. In the present case, their
persistence, in spite of our thorough bleaching, is puzzling and may have a high significance in the
context of biomineralization. In a milestone paper, Weiss and coworkers [65] showed indeed that a
chitin synthase identified in the calcifying tissue of a bivalve exhibits a myosin motor head domain.
In their mollusk model, they suggested for the first time a functional role for ‘cytoskeletal forces’ in
the precise controlled mineral deposition process performed outside the cells, establishing a link
between the cytoplasm and the extracellular matrix. Whether this also occurs for sea urchins should
be tested.

Our proteomic analysis has neither identified collagens nor acidic proteins. Mann and coworkers
[13] detected collagens, owing to peptides carrying the Gly-x-y triplet signature typical of the triple
helical domains found in this protein family. None of the peptides identified here has such a
signature. More intriguing is the case of acidic proteins, which are usually considered to be
significant players in biocalcification [66]. Due to their negative charge and to their hydrophilicity,
they strongly interact with calcium in solution, with calcium carbonate mineral surfaces, and are
prone to be easily occluded in the mineral during its growth. In the sea urchin S. purpuratus, P16
and P19, two acidic proteins that are PMC-specific [37], were identified as potential candidates for
such interaction with calcium carbonate. However, we did not detect their putative homologs in the
test matrix of P. lividus. Neither did we evidence the presence of other Asp-rich or Glu-rich
proteins. Besides the possibility that such a protein class is not at all present in the calcified tissues
of sea urchins, another possible explanation of its absence is that the RLCD-containing proteins of
the Asp-rich or Glu-rich type contain very few arginine or lysine cleavage sites, as explained above;
they would not be properly cleaved by trypsin, and the resulting peptides would not be correctly

ionized and analyzed by MS-MS. We cannot exclude such a technical bias in our analyses.

Conclusions



We have identified and characterized components of the test matrix of the sea urchin Paracentrotus
/ividus, a key-model for developmental studies. The matrix macromolecules were extracted from
the biomineral (tests) after thorough cleaning and complete decalcification. They were subsequently
analyzed with both biochemical assays and proteomic analyses. We identified five proteins
exhibiting a C-type lectin domain, two metalloenzymes, including P/-CA and the depolymerizing
protein MMP, a set of proteins of the MSP130 family and finally, proteins of the cytoskeleton.
Although none of these proteins is particularly acidic, we demonstrated that they collectively have a
true affinity for the calcite of the test of P. /ividus and that they exhibit a prominent shaping effect
on crystal formation. Thus, they may represent a ‘minimal toolkit” for handling calcium carbonate

biomineralization in sea urchins.
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Figure 1. Examination of P. lividus adult tests by Scanning Electron Microscopy (SEM). A and B:

tests with organic contaminants. C and D: Tests cleared off contaminants.

Figure 2. Gel electrophoresis of the test extracts. A: 1D SDS-PAGE fractionation of acid-soluble
(ASM) and acid-insoluble (AIM) shell matrix proteins from P. lividus adult tests, stained with CBB
(Lanes 1-3) or AgNO3 (Lanes 4-5). Molecular weight markers (in kDa) are indicated on the left. B:
1D SDS-PAGE fractionation of ASM and AIM stained with Alcian Blue (Lanes 1-3) or StainsAll
(Carbocyanine, Lanes 4-6. Alcian Blue stain involving copper, identifies heavily glycosilated
proteins and glyco-conjugates. Bands that are stained blue with Stains-All are potentially calcium-

binding proteins.

Figure 3: 2DE SDS-PAGE fractionation of the shell matrix proteins from P./ividus adult tests.

Isoelectric focusing (IEF) was followed by gel electrophoresis under denaturing condition. The



mass of molecular weight markers (in kDa) is indicated on the left. Gels were stained with CBB
(left) or silver stain (right). A: 2DE SDS-PAGE fractionation of ASM; B: 2DE SDS-PAGE

fractionation of AIM. Most prominent spots are indicated by circles.

Figure 4. A posteriori analysis of the shell matrix. A: SDS-PAGE fractionation followed by
Western Blot with antibody against PI-CAN. ASM and AIM from P./ividus adult tests cross-reacted
with the anti-CA Ab. Anti-CA antibody was used at a dilution of 1:1000. Film was developed for
4min. B: ELISA with heterologous antibodies against proteins involving C-type lectin domains

(SM30 and SM50). Both antibodies cross-react with the ASM.

Figure 5. In vitro crystallization of calcium carbonate in the presence of ASM. A,B) Blank
experiment (no proteins). C,D) 5 ug/ml of ASM; E,F) 25 pg/ml of ASM; G,H) 50 pg/ml of ASM;
I,J) 100 pg/ml of ASM. Photos were taken by SEM at 400X (A,C,E,G) and at 1500X (B,D,F,H).
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