
Journal of Proteomics 138 (2016) 61–71

Contents lists available at ScienceDirect

Journal of Proteomics

j ourna l homepage: www.e lsev ie r .com/ locate / jp rot
Original Article
Deciphering the molecular mechanisms underlying sea urchin reversible
adhesion: A quantitative proteomics approach
Nicolas Lebesgue a,b, Gonçalo da Costa c,d,e, Raquel Mesquita Ribeiro c,d, Cristina Ribeiro-Silva c,d,
Gabriel G. Martins f,g, Valeria Matranga h, Arjen Scholten a,b, Carlos Cordeiro c,d,e,
Albert J.R. Heck a,b, Romana Santos c,i,⁎
a Netherlands Proteomics Center, Padualaan 8, 3584, CH, Utrecht, Netherlands
b Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular Research and Utrecht Institute of Pharmaceutical Sciences, Utrecht University, Padualaan 8, 3584, CH, Utrecht,
Netherlands
c Centro de Química e Bioquímica, Departamento de Química e Bioquímica, Faculdade de Ciências da Universidade de Lisboa, Campo Grande, Campo Grande, 1749-016, Lisboa, Portugal
d Departamento de Química e Bioquímica, Faculdade de Ciências, Universidade de Lisboa, 1749-016, Lisboa, Portugal
e Laboratório de FTICR e espectrometria de massa estrutural, Faculdade de Ciências, Universidade de Lisboa, 1749-016, Lisboa, Portugal
f Instituto Gulbenkian de Ciência, R. da Quinta Grande 6, 2780-156 Oeiras, Portugal
g Centro de Ecologia, Evolução e Alterações Ambientais, Faculdade de Ciências da Universidade de Lisboa, Campo Grande 1749-016, Lisboa, Portugal
h Consiglio Nazionale delle Ricerche, Istituto di Biomedicina e Immunologia Molecolare, ‘Alberto Monroy’, Via Ugo La Malfa 153, 90146 Palermo, Italy
i MARE— Centro de Ciências do Mar e do Ambiente, Faculdade de Ciências da Universidade de Lisboa, Campo Grande 1749-016, Lisboa, Portugal
⁎ Corresponding author at: MARE — Centro de Ciê
Faculdade de Ciências da Universidade de Lisboa, Cam
Portugal.

E-mail address: romana.santos@campus.ul.pt (R. Santo

http://dx.doi.org/10.1016/j.jprot.2016.02.026
1874-3919/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 January 2016
Received in revised form 22 February 2016
Accepted 23 February 2016
Available online 27 February 2016
Marine bioadhesives have unmatched performances in wet environments, being an inspiration for biomedical
applications. In sea urchins specialized adhesive organs, tube feet, mediate reversible adhesion, being composed
by a disc, producing adhesive and de-adhesive secretions, and a motile stem. After tube foot detachment, the se-
creted adhesive remains bound to the substratum as a footprint. Sea urchin adhesive is composed byproteins and
sugars, but so far only one protein, Nectin, was shown to be over-expressed as a transcript in tube feet discs, sug-
gesting its involvement in sea urchin adhesion. Here we use high-resolution quantitative mass-spectrometry to
perform the first study combining the analysis of the differential proteome of an adhesive organ, with the prote-
ome of its secreted adhesive. This strategy allowed us to identify 163 highly over-expressed disc proteins, specif-
ically involved in sea urchin reversible adhesion; tofind that 70% of the secreted adhesive components fallwithin
five protein groups, involved in exocytosis and microbial protection; and to provide evidences that Nectin is not
only highly expressed in tube feet discs but is an actual component of the adhesive. These results give an unprec-
edented insight into the molecular mechanisms underlying sea urchin adhesion, and opening new doors to de-
velop wet-reliable, reversible, and ecological biomimetic adhesives.
Significance: Sea urchins attach strongly but in a reversible manner to substratum, being a valuable source of
inspiration for industrial and biomedical applications. Yet, themolecularmechanisms governing reversible adhe-
sion are still poorly studieddelaying the engineering of biomimetic adhesives.Weused the latestmass spectrom-
etry techniques to analyze the differential proteome of an adhesive organ and the proteome of its secreted
adhesive, allowing us to uncover the key players in sea urchin reversible adhesion. We demonstrate, that Nectin,
a protein previously pointed out as potentially involved in sea urchin adhesion, is not only highly expressed in
tube feet discs, but is a genuine component of the secreted adhesive.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Sea urchin
Paracentrotus lividus
Reversible adhesion
Tube foot adhesive protein
Quantitative proteomics
1. Introduction

Adhesives found in nature perform inways thatman-made products
simply cannot match. Some are reversible, others are very effective un-
derwater and many are universal in their performance to substrata of
ncias do Mar e do Ambiente,
po Grande 1749-016, Lisboa,

s).
varying composition and structure. Yet, only a very limited number of
model systems have inspired novel biomimetic adhesives, including
thewell-known gecko foot for dry adhesion andmussel glue forwet ad-
hesion [1]. In order to speed up the engineering of innovative adhesives,
it is essential to understand better how biological adhesives function,
including their mode of action, their basic components, building princi-
ples and function-specific adaptations selected by evolution. Sea urchin
reversible adhesion is no exception. Although in the last decade a signif-
icant effort wasmade to answermany questions regardingmorphology
and biomechanical properties of sea urchin adhesive organs, and the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jprot.2016.02.026&domain=pdf
http://dx.doi.org/10.1016/j.jprot.2016.02.026
mailto:romana.santos@campus.ul.pt
http://dx.doi.org/10.1016/j.jprot.2016.02.026
http://www.sciencedirect.com/science/journal/18743919
www.elsevier.com/locate/jprot


62 N. Lebesgue et al. / Journal of Proteomics 138 (2016) 61–71
molecular mechanisms underlying sea urchin adhesion reversibility re-
main largely a mystery [2]. Nevertheless, being water-resistant, effec-
tive on natural and man-made substrata and reversible, sea urchin
adhesives have great potential to inspire the development of new bio-
mimetic surgical and dental adhesives, cell/tissue immobilizing agents
but also cell/molecule displacers and antifouling coatings.

In sea urchins, adhesion takes place at the level of a multitude of
small appendages, adoral tube feet, and involves the secretion of an ad-
hesive between these specialized organs and the substratum (Fig. 1A).
Tube feet are used in locomotion and attachment, being extremely
well designed for reversible adhesion. They are composed of an en-
larged and flattened apical disc that makes contact with and adheres
to the substratum, and an extensible tether, the stem, allowing the
tube foot to lengthen, flex and retract (Fig. 1B) [3]. Morphological stud-
ies have shown that when the substratum is suitable, the disc reorients
its apical surface to be parallel to the substratum, makes contact and re-
leases the content of adhesive granules contained inside specialized se-
cretory cells, thus initiating the attachment process. Detachment of tube
foot is accomplished by the release of de-adhesive granules content by a
second type of secretory cells, breaking the bonds established between
the adhesive and the disc, thus leaving a thin layer of adhesive material
(footprint) strongly attached to the substratum (Fig. 1D) [2]. Yet, sea
urchin tube feet do not contain exclusively these secretory cells, but
present a complex histological structure related with their adhesive
function, being composed of an inner myomesothelium, a connective
tissue layer, a nerve plexus and an outer epidermis covered externally
by a well-developed, multilayered glycocalyx, the cuticle (Fig. 1C) [3].

Although numerous individuals are necessary to obtain a sufficient
amount of sea urchin adhesive material, earlier proteomic studies suc-
cessfully identified proteins extracted from the sea urchin Paracentrotus
lividus secreted adhesive [4]. The water content of the obtained
adhesive was not measured but, in terms of dry weight, it is mainly
made up of proteins (6.4%), lipids (2.5%), carbohydrates (1.2%) and a
large inorganic fraction (45.5%) [4]. The protein fraction of P. lividus ad-
hesive was further characterized in terms of amino acid composition,
highlighting a bias towards 6 amino acids (glycine, alanine, valine, ser-
ine, threonine, and asparagine/aspartic acid), together with higher
levels of proline (6.8%) and half-cysteine (2.6%) than the average
eukaryotic proteins [4]. These traits are common to manymarine adhe-
sives and are pointed out as key factors for their high adhesive strength,
cohesion and insolubility. P. lividus adhesive insolubility was partially
overcome using strong denaturing and reducing conditions, from
which 13 proteins could be extracted, and 6 were identified by mass
spectrometry as alpha and beta tubulin, actin, and the histones H2A,
H2B, H3 and H4 [4].

To bypass the challenge of solubilizing the secreted adhesive, a sub-
sequent study performed protein extraction on dissected adhesive tube
feet discs, a source of soluble adhesive and de-adhesive precursors [5].
The adhesive disc proteome was shown to contain 328 non-redundant
proteins, of which only 2% were putative adhesive proteins [5]. Among
Fig. 1. Sea urchin Paracentrotus lividus attaching to a rockwith its adoral tube feet. (A) Enlarged
adoral tube foot (C) stainedwithMasson's trichrome showing the disc adhesive epidermis (AE)
the nerve plexus (NP), the connective tissue (CT) and the muscle (M). Adhesive footprint left
these was Nectin, a P. lividus cell adhesion protein secreted by eggs
and embryos [6,7], never before reported in the adult adhesive organs.
Recent research showed that adult tube feet express two mRNA Nectin
variants (GenBank AJ578435 and KT351732) that are over-expressed
(2.5-fold) in the tube feet disc relatively to the stem, their expression
being localized in the disc adhesive secretory cells and cuticle, thus sug-
gesting an involvement in sea urchin adhesion [8]. Besides Nectin, only
one more P. lividus protein was pointed out as putatively adhesive —
Toposome [5], which is a modified calcium-binding iron-less transferrin
also secreted in eggs and embryos [9,10]. In terms of putative de-
adhesive proteins, surprisingly, no proteases or glycosylases that could
trigger sea urchin tube foot de-adhesion by degradation of the secreted
adhesive components were identified until now [5].

Sea stars are sea urchin's close relatives, being also echinoderms and
attaching with a temporary adhesive secretion produced by their tube
feet. Both adhesives have a similar biochemical composition; contain
high amounts of small side-chain and charged/polar amino acids, prob-
ably for high cohesive strength and interactions with the substratum,
respectively [4,11]; and high amounts of cysteine most certainly re-
sponsible for their insolubility [4,11]. Although putative adhesive and
de-adhesive proteins have been extracted from sea star and sea urchin
adhesive organs and adhesive secretions [4,5,12,13], up to now only
one protein, sea star footprint protein 1 (Sfp1), was unequivocally
assigned as a constituent of the sea star adhesive [14]. However, upon
secretion, Sfp1 forms a structural scaffold and thus appears to provide
sea star adhesive with cohesiveness rather than adhesive properties
[14].

Therefore, although promising, the available molecular information
on echinoderms reversible adhesion remains scarce, indicating
that other approaches are needed. In this study we used a label-free
quantitative proteomic approach coupled with high-resolution mass-
spectrometry to perform the first differential proteome of an adhesive
organ, comparing protein expression levels in tube foot adhesive part
(disc) versus non-adhesive part (stem), revealing the key proteins in-
volved in sea urchin reversible adhesion.We also profiled the proteome
of P. lividus secreted adhesive disclosing its major components, strongly
supported bywestern-blot and immunohistochemistry evidences of the
obtained expression patterns and protein identifications.

2. Material and methods

2.1. Sample preparation

Sea urchins from the species P. lividus (Lamark 1816) were collected
at low tide on thewest coast of Portugal (Estoril, Portugal). After collec-
tion, the animals were transported to “Vasco da Gama Aquarium”
(Dafundo, Portugal) and kept in open-circuit tanks at a temperature of
15 °C and salinity of 33‰. Then, sea urchins were placed in small plastic
aquariums (3 L)filledwith seawater, covered internallywith removable
glass plates to which animals were allowed to attach and then forced to
view of a tube foot (B) composed by a disc (Di) and a stem (St). Histological structure of an
with its ossicles, the frame (F) and the rosette (R), the stemnon-adhesive epidermis (NE),
on the substratum after tube foot detachment (D) stained with 0.1% Crystal Violet.
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detach. Broken tube feet were collected either attached to the glass
plates or detached floating in the aquariumwater, pooled and dissected
to separate the discs from the stems (see white line in Fig. 1B). Glass
plates were abundantly rinsed with Milli-Q water and air-dried follow-
ed by scrapping of the adhesive footprints using disposable scalpels.
Hundreds of tube feet and adhesive footprints belonging to 60 different
sea urchins were collected to minimize individual variability and to ob-
tain enough material for subsequent protein extracts.

2.2. Protein extraction and digestion

To achieve the best protein extraction yield and reproducibility,
tube feet disc and stem proteins were extracted by automated frozen
disruption methodology as previously described [5]. About 250 μL
(in volume) of both tissues was placed in a previously chilled teflon
sample chamber containing 8 stainless steel beads (5 mm diameter)
and deep frozen in liquid nitrogen. The chamber was then placed in a
Mikro-Dismembrator (Retsch) and set to 3000 rpm for 5 min. To avoid
sample loss, the resulting powder (still in a deep frozen state) was re-
suspended for 5 min with vigorous shaking in solubilization buffer
(6M urea 50mMammoniumbicarbonate and 1:10,000 protease inhib-
itors) still inside the teflon chamber. The resulting homogenate was
then centrifuged at 11,500 rpm for 10 min and the obtained superna-
tant was stored at −20 °C until further use. The tube feet disc and
stem protein extracts were submitted to reduction with DTT at a final
concentration of 4 mM at 56 °C for 25 min; subsequently samples
were alkylated with iodoacetamide at a final concentration of 8 mM at
room temperature for 30 min in the dark. Proteins were then digested
with Lys-C in 6 M urea and incubated for 4 h at 37 °C. The solution
was then diluted to a final urea concentration of 2 M with 50 mm am-
moniumbicarbonate, and the solutionwas incubated at 37 °C overnight
with trypsin. The digestion was quenched by acidification to 5% formic
acid and peptides were desalted using Sep-Pak C18 cartridges, dried
in vacuum, and stored at −80 °C for further use. As for the adhesive,
it was processed as previously described [4]. Briefly, the adhesive was
washed five times with 1 mL milliQ H20 and between washes centri-
fuged for 20 min at 13,400 rpm at 4 °C. Then, it was suspended in
1.5 mL of a protein precipitating solution to eliminate the non-protein
components (10% trichloroacetic acid, 0.07% β-mercaptoethanol
(w/v)) for 1 h 30 min at 4 °C, and washed three times with 1.5 mL
chilled 0.07% β-mercaptoethanol in acetone (v/v), centrifuging
20 min at 13,400 rpm at 4 °C between washes. The obtained pellet
was vacuum dried and solubilized in 50 μL of 2% sodium dodecyl sul-
fate, 0.5 M dithiothreitol in 63.2 mM Tris–HCl pH 6.8. The homoge-
nized suspension was heated for 3 h at 60 °C and 800 rpm. After
cooling, it was centrifuged at 13,400 rpm for 20 min at RT. Adhesive
protein extract was then loaded on a 12.5% SDS-PAGE gel and run for
10 min to purify the proteins from detergents and buffer components,
followed by Coomassie blue R-250 staining. The obtained concentrated
protein bands were in-gel digested with Lys-C and trypsin according to
standard procedure.

2.3. Fractionation by strong cation exchange (SCX)

The digests from tube feet discs and stems were fractioned using
strong cation exchange (SCX). The SCX system consisted of an Agilent
1200 HPLC system (Agilent Technologies, Waldbronn, Germany) with
one C18 Opti-Lynx (Optimized Technologies, OR) trapping cartridges
and a Zorbax BioSCX-Series II column (0.8-mm inner diameter, 50-
mm length, 3.5 μm particle size). The peptides were dissolved in 10%
formic acid (FA) and loaded onto the trap columns at 100 μLmin−1
and subsequently eluted onto the SCX column with 80% acetonitrile
(ACN) and 0.05% FA. SCX solvent A consists of 0.05% formic acid in
20% ACN, while solvent B was 0.05% formic acid, 0.5 M NaCl in 20%
ACN. The SCX salt gradient is as follows: 0–0.01 min (0–2% B);
0.01–8.01 min (2–3% B); 8.01–14.01 min (3–8% B); 14.01–28 min
(8–20% B); 28–38 min (20–40% B); 38–48 min (40–90% B);
48–54 min (90% B); 54–60 min (0% B). A total of 50 SCX fractions
(1 min each, that is, 40 μL elution volume) were collected and the
25 most peptide-rich fractions were used for subsequent LC–MS/MS
analysis.

2.4. Analysis by liquid chromatography coupled to mass spectrometry

Nanoscale liquid chromatography coupled to tandem mass spec-
trometry (LC–MS/MS) was performed for each SCX fractions on a
reversed-phase easy nano-LC 1000 (Thermo Fisher Scientific, Odense,
Denmark) coupled to an Orbitrap Q-exactive mass spectrometer
(Thermo Scientific, Bremen, Germany) using higher-energy collisional
dissociation (HCD) fragmentation. Briefly, peptides were loaded on a
double-fritted trap column (100 μm inner diameter × 2 cm, packed
with 5 μm C18 resin; ReproSil-Pur AQ; Dr. Maisch, Ammerbuch,
Germany) at a flow rate of 5 μL/min in 100% buffer A (0.1% formic acid
in HPLC gradewater). Peptideswere transferred to an analytical column
(50 μm inner diameter × 50 cm, packed with 2.7 μm C18 particles,
Poroshell 120 EC-C18; Agilent Technologies, Waldbronn, Germany)
and separated using a 180 min gradient from 7 to 30% buffer B (0.1%
formic acid in 100% acetonitrile) at a flow rate of 100 nL/min. For
mass spectrometric analysis, the survey scans were acquired at 35,000
resolution to a scan range from 350 to 1500 m/z. The 20 most intense
precursors were submitted to HCD fragmentation using an MS/MS res-
olution set to 17,500, a precursor automatic gain control (AGC) target
set to 5 × 104, a precursor isolationwidth set to 1.5 Da, and amaximum
injection time set to 120 ms. RAW output files were submitted to
Mascot (version 2.5.1) via Proteome Discoverer (version 1.3, Thermo
Fisher Scientific) and searched against UniProt/SwissProt database for
sea urchin [Taxonomic Identifier: 7656; 10/2014 database containing
32,238 entries: 285 reviewed (SwissProt) + 32,554 unreviewed
(trembl)]. The protein sequence encoded by the recently discovered
Nectin mRNA variant [8] (GenBank KT351732) was manually added to
the previous database. Enzyme specificity was set to trypsin, maximum
missed cleavages = 2. Carbamidomethylcysteine was set as fixed and
methionine oxidation was set as variable modifications. The following
peptide filters were set: minimal mascot ion score 20; peptide length
between 6 and 45 amino acids; peptide confidence high; search engine
rank 1; peptide rank 1 and a peptide false discovery rate (FDR) was set
to 1%. Concerning the adhesive, in-gel digested proteins were analyzed
using only the RP-LC–MS/MS files. The mass spectrometry proteo-
mics raw data as well as search results have been deposited to the
ProteomeXchange Consortium [15] via the PRIDE partner repository
with the dataset identifier PXD003122.

2.5. Data analysis

Tube feet disc and stem differential proteome PSMs were normal-
ized using the cytoplasmic actin of Lytechinus variegatus (O18548; Σ
coverage: 85, 19%) as a reference protein. The adhesive proteome
PSMs were normalized using the MW of each identified protein. Since
a high percentage of the identified proteins were uncharacterized,
Blast2GO 3.0.7 was used for functional analysis of the identified pro-
teins, which consists of three main steps: blast to find homologous se-
quences, mapping to collect GO-terms associated with blast hits and
annotation to assign functional terms to query sequences from the
pool of GO terms collected in the mapping step [16]. Functional assign-
ment was based on GO database b2g_jan15 containing 42,466 GOs and
4101 enzymes. Sequence data of identified proteins was uploaded as a
multiple FASTA file for batch analysis by Blast2GO software. The blast
step was performed against the public SwissProt database using blastp.
Other parameters were kept at default values: e-value threshold of 1e-3
and a recovery of 20 hits per sequence. Furthermore,minimal alignment
length (hsp filter) was set to 33 to avoid hits with matching regions
smaller than 100 nucleotides. QBlast-NCBI was set as blast mode. An



Fig. 2. Paracentrotus lividus tube feet differential proteome. Venn diagram showing the
number of proteins identified exclusively in tube feet adhesive part - the disc,
exclusively in the non-adhesive part - the stem and common to both tissues.
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annotation configuration with an e-value-hit-filter of 1.0E-6, Annota-
tion CutOff of 55 and GO weight of 5 have been selected. GO-Slim, a re-
duced version of the Gene Ontology, that contains a selected number of
relevant nodes, was also used in order to provide a broader view of the
ontology. To group all identified proteins in selected subgroups of GO
categories (biological process, molecular function and cellular compart-
ment) the analysis tool of combined graph was used. To obtain a com-
pact representation of the information, a sequence filter of 20 was
selected. In addition Venn charts were produced using the original
accessions.

2.6. SDS-PAGE and western blotting

To validate our protein expression results and protein identifica-
tions, tube feet disc and stem protein extracts were separated by
SDS-PAGE, followed by western blot analysis [17]. To achieve the best
protein extraction yield and reproducibility, tube feet disc and stempro-
teins were extracted by automated frozen disruption methodology as
described above, followed by solubilization in RIPA buffer (150 mM so-
dium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris, pH 8.0). Tube feet disc and stem protein extracts were
separated by SDS-PAGE (12%), in mini-gel format (7 × 7 cm Tetra sys-
tem from Bio-Rad). Twenty micrograms of protein sample were loaded
per lane. Protein concentrationwas determined by the Bradford protein
assay, using bovine serum albumin (BSA) as a standard (Bio-Rad).
Samples were diluted 5-fold in milliQ water and mixed with reduction
buffer (62.5 mM Tris–HCl, pH 6.8, 20% (v/v) Glycerol, 2% (w/v) SDS, 5%
(v/v) β-mercaptoethanol). Prior to electrophoresis, samples were
heated at 100 °C for 5 min. Protein bands were stained with Coomassie
brilliant blue R-250. Then, proteins were transferred from the gel to
PVDF membranes (Millipore) and stained with Ponceau S to monitor
protein transfer. Membranes were blocked overnight at 4 °C with TBS
(10 mM Tris–HCl, 150 mM NaCl, pH 7.5) containing 5% skimmed milk.
Afterwards, the membranes were incubated overnight at 4 °C with the
primary antibody used in TBS-T (TBS Buffer with 0.1% Tween 20) con-
taining 1% skimmedmilk. Antibodies usedwere: anti-β Actin polyclonal
antibody (Sigma) at a dilution of 1:5000, anti-α Actinin polyclonal anti-
body (Sigma) at a dilution of 1:2000, anti-α Tubulin polyclonal antibody
(Sigma) at a dilution of 1:5000, anti-Nectin monoclonal antibody at a
dilution of 1:1000 [18] and anti-Toposomemonoclonal antibody at a di-
lution of 1:10,000 [19].Membraneswerewashed three times for 10min
each with TBS-T and incubated for 1 h at room temperature with anti-
rabbit IgG (Roche) (at 1:5000 dilution) or anti-mouse IgG (Roche) (at
1:5000 dilution), according to the primary antibody. Immunoreactivity
was detected with Pierce ECL western blotting substrate, following the
manufacturer's instructions (Pierce).

2.7. Immunohistochemistry

Some of the identified proteinswere also imunolocalized in P. lividus
adhesive footprint and adoral tube feet, as previously described [20]
with slight modifications. Briefly, sea urchins were placed inside small
aquaria filledwith artificial seawater and turned upside-down to induce
attachment to clean microscope slides. Animals were repeatedly de-
tached to induce novel attachments and thus obtain more footprints.
Then, slides were thoroughly washed with milliQ water and used im-
mediately. In addition, unattached adoral tube feet were dissected and
fixed for 24 h in non-acetic Bouin's fluid at 4 °C. They were then
dehydrated in graded ethanol and embedded in paraffinwax (Paraplast,
Sigma, Steinhem, Germany). The tube feet were sectioned longitudinal-
ly at a thickness of 7 μmwith a Reichert Autocut 2040microtome (Leica
Microsystems, Groot-Bijgaarden, Belgium), and the sections were
mounted on clean silane-coated glass slides. Then tube foot sections
were processed for an indirect immunohistochemical staining method
according to the following protocol: they were first treated with
50 mM NH4Cl for 15 min, followed by permeabilization in PBS with
0.25% Triton-X-100 for 1 h, and by pre-incubation for 30 min with 10%
fetal bovine serum (Sigma) in PBS to block nonspecific-binding sites.
The primary antisera, diluted 1:200 in PBS-Tween-BSA1, were applied
on the sections overnight at 4 °C. After several washes in PBS, the sec-
tions were incubated for 1 h with Alexa Fluor488-conjugated anti-
rabbit IgG (Invitrogen) at a dilution of 1:1000 in PBS-Tween-BSA1 and
To-Pro 3 (Invitrogen) for nuclei counterstaining. After the final rinses
in PBS, the sections were mounted with Vectashield (Vector Laborato-
ries) and were observed by using a Leica SPE confocal microscope
equipped with 488 nm and 635 nm laser lines, spectral detection and
10 × 0.3NA and 20 × 0.7NA dry lenses. Adhesive footprints were ob-
served using the Alexa Fluor488-conjugated anti-rabbit IgG on an
Olympus BX60 fluorescent microscope, equipped with a 10 × 0.4NA
lens and a Hamamatsu Orca R2monochrome camera. Negative controls
were carried out replacing the primary antiserum by the buffer alone.

2.8. Proteolytic activity

To evaluate the proteolytic activity of tube feet discs versus stems, a
Pierce Fluorescent Protease Assay Kit was used [21]. Briefly, the fluores-
cence measures were carried out with a Fluorolog-3 (Horiba Jobin
Yvon) in a quartz cuvette with 0.5 cm optical path, with standard fluo-
rescein excitation/emission filters (485/538 nm) and for the calibration
trypsinwas the general protease chose. Tube feet disc and stem samples
were prepared as described above for western-blots, and trypsin stan-
dards and casein solution were also prepared in the same RIPA buffer.
All samples and standards were incubated with the substrate at room
temperature for 20 min. The estimate of protease concentration in the
sampleswas calculated by a linear regressionwith the trypsin standards
and then divided by the total protein amount used on the assay
(μg protease/μg protein). Protein concentration was determined by
the Bradford protein assay, using BSA as standard (Bio-Rad).

3. Results and discussion

To perform the first differential proteome of the sea urchin P. lividus
adhesive organs, dissected discs and stems (Fig. 1B)were digested subse-
quently with two proteases (trypsin and Lys-C). The resulting peptides
were pre-fractionated by strong cation exchange chromatography and
the resulting fractions analyzed by LC–MS/MS, followed by database
searching (UniProt/SwissProt for sea urchins) using the Mascot search
algorithm (see Figs. 2A and 3A and Supplementary information S1 in
[22]).



Fig. 3. Paracentrotus lividus adoral tube feet disc and stems protein profiles and expression levels of some selected proteins. SDS-PAGE and Western blots of tube feet disc (D) and stem
(S) protein extracts, showing expression levels of β-Actin, α-Tubulin, α-Actinin, Nectin and Toposome. Molecular weight markers are represented on the left hand of the figure.
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The analysis of the tube feet differential proteome resulted in the
identification of 1384 non-redundant proteins of which 82% belong to
sea urchins, but still annotated as uncharacterized (see Supplementary
information S1 in [22]). Therefore, GO annotation with Blast2Go Pro
was used to have a look at the functional analysis of the identified pro-
teins, enabling us to successfully annotate 91.9% of the proteins (see
Fig. 4A and Supplementary information S1 in [22]).

The tube foot disc and stem proteomes presented, respectively, a
total of 968 and 1199 non-redundant proteins, of which 783 proteins
were common to both tube foot parts (Fig. 2) (see also Supplementary
information S1 in [22]). Of these, only the proteins presenting at least
a 3-fold differential change in abundance were considered as being sig-
nificantly over-expressed in the tube foot adhesive part— thedisc, likely
representing the most relevant proteins for sea urchin reversible adhe-
sion (see Fig. 5A and Supplementary information S1 in [22]). We will
next discuss several of these proteins and their potential role in revers-
ible adhesion processes.

The biosynthesis, packaging and release of the adhesive and de-
adhesive secretions by the tube feet discs follows the so-called regulat-
ed secretory pathway [15]. This means that in the nucleus, the genes
encoding adhesive and de-adhesive proteins are transcribed into
mRNAs, which are then matured and exported to the cytosol where
they are translated at the level of ribosomes [24]. Indeed, in sea urchin
adhesive discs we observed an over-expression of transcription- and
translation-related proteins, such as 60s ribosomal proteins (I3, I7, L15,
L23; 4 to 8-fold), 40S ribosomal proteins (S5, S6, S8, SA; 4 to 7-fold), Eu-
karyotic translation initiation factor 4 gamma (4-fold) and Protein
Fig. 4. Immunolabeling ofNectin in Paracentrotus lividus adoral tube foot disc and adhesivemate
and observedwith a confocalmicroscopy (immunolabeling in green andnuclei in purple). Immu
the disc cuticle (Cu) (A, B), and in the adhesive footprint left in the substratum after detachme
adhesive.
Churchill (3-fold) (see Supplementary information S1 in [22]). This can
be related with the reversible nature of sea urchin adhesion (attach-
ment and detachmenthappening in just a few seconds) [3], probably re-
quiring constant copying of the genes coding for adhesive and de-
adhesive proteins, in order to express sufficient amounts of both secre-
tions, for repeated and quick adhesion and de-adhesion. The same has
been suggested for the mussel Mytilus edulis foot protein 3 (Mefp-3),
for which multiple copies of a gene are necessary to express sufficient
amounts of Mefp-3 for repeated and quick thread formation (less than
5 min), particularly during periods of high water flow [25].

After being translated, the rough endoplasmic reticulum (RER) cap-
tures the adhesive and de-adhesive protein precursors from the cytosol
as they are being synthesized, since they possess a polypeptide signal
sequence that directs the engaged ribosome to the endoplasmic reticu-
lum membrane. So far all the adhesive protein precursors described
present such a signal peptide, which will be cleaved off later in the
RER [24]. This intensification in protein biosynthesis probably leads to
the observed disc over-expression of proteins related with protein olig-
omerization [Btb poz domain-containing protein (4 and 5-fold)], protein
folding and stability [Peptidyl-prolyl cis-trans isomerase (5-fold),
T-complex protein 1 subunit theta (5-fold), Heat shock protein 90
(4-fold), Chaperonin containing subunit 7 (4-fold), Protein disulfide-
isomerase A5 (3-fold)] and protein sorting [Sorting nexin (3 to 6-fold),
Calumenin, 3.5-fold)] (see Supplementary information S1 in [22]). In
accordance, sea urchin P. lividus and sea star Asterias rubens adhesive
footprints have been reported as highly insoluble, requiring strong re-
ducing and denaturing solubilizing agents and being composed by
rial. Tube foot longitudinal section labeledwith antibodies directed againstNectin (Q70JA0)
noreactivitywasdetected in the central (A) andperipheral adhesive epidermis (AE) (B), in
nt (C), demonstrating that Nectin is secreted by the disc and is an actual component of the
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Fig. 5. Proteolytic activity of Paracentrotus lividus tube feet discs and stems. Proteolytic
activity of tube feet discs and stems protein extracts measured by a fluorescent protease
assay kit. Significant differences between the means are indicated by different letters
(pt-test b 0.05).
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proteins with considerable amounts of cysteine (2.6 and 3.2%, respec-
tively) [4,11,12]. In sea urchins, this was further corroborated by the
presence of three proteins in the footprint material presenting a shift
in mobility in 2D diagonal SDS-PAGE, attributed to the presence of
intra- or inter-molecular disulfide bonds [4].

Then, the newly formed adhesive and de-adhesive proteins are
transferred to the Golgi apparatus. During their transfer from one com-
partment to the next, these proteins can undergo post-translational
modifications (PTMs), which are a common feature of many adhesive
proteins [24]. PTMs such as N-glycosylation will take place in the
endoplasmic reticulum, with subsequent oligosaccharide processing in
the Golgi apparatus, while O-glycosylation or phosphorylation will
occur in the Golgi apparatus [23]. In sea urchin adhesive disc, we ob-
served an over-expression of transferases like Dual specificity tyrosine-
phosphorylation-regulated kinase (4-fold) and Phosphoacetylglucosamine
mutase (3-fold) (see Supplementary information S1 in [22]), involved,
respectively, in phosphorylation of proteins and amino sugars. So far
there are no reports of the presence of phosphoproteins in sea urchin
or sea star reversible adhesives, despite the observed bias of the adhe-
sive components towards serine and threonine residues (approximate-
ly 7–8% per residue), which makes their adhesive proteins prone to
phosphorylation [4,11]. However, in other marine adhesive proteins,
there are several reports of protein phosphorylation in serine residues
(mussels, tube-worms and sea cucumbers) [26–29], a PTM that is be-
lieved to impart a potential for both cohesive (by Ca2+ bridging) and
adhesive contributions (mediate adhesion to calcareous substrata,
play a role in the condensation of the adhesive proteins in the adhesive
cell secretory granules and/or be involved in protein–protein cross-
linking) [27,29–32]. Additionally, one glycosyltransferase involved in
protein glycosylation, was also over-expressed in the sea urchin adhe-
sive disc — Protein O-fucosyltransferase 1 (3-fold) (see Supplementary
information S1 in [22]). This enzyme adds O-fucose through an
O-glycosidic linkage to serine or threonine residues in a number of cell
surfaces and secreted proteins. In sea urchins, the carbohydrate moiety
of the adhesive material is poorly characterized, and so far all is known
is that P. lividus adhesive contains 1.2% of neutral sugars [4]. However, in
sea stars, the adhesive carbohydrate moiety was fully characterized,
containing 3% of neutral sugars, 1.5% amino sugars and 3.5% uronic
acids [11]. In addition, the sea star adhesive has been reported to contain
at least two glycoproteins with galactose, N-acetylgalactosamine, fucose,
and sialic acid residues in their side chains, as well as, sialylated proteo-
glycans, that together are believed to provide both cohesion and adhesion
through electrostatic interactions by polar and hydrogen-bonding
functional groups of their glycan chains [33]. In freshwater mussel adhe-
sive proteins, extensive serine and threonine O-glycosylation and trypto-
phan C-linked mannosylation have been reported [34–36], as well as
N-glycosylation in one barnacle cement protein [37]. The roles of the
sugar residues in marine adhesives are still unknown, but have been
proposed to increase conformational stability, enhance protein binding
ability [38] and add resistance to enzymatic degradation [36].

From the Golgi apparatus, the formed adhesive and de-adhesive
proteins are transferred to immature secretory granules by means of
transport vesicles. As the granules mature, their contents become con-
centrated, probably as the result of both the continuous retrieval of
membrane and the progressive acidification of the granule lumen [24].
Concordantly, sea urchin tube feet discs showed over-expression of
proteins involved in transporting membrane-bounded vesicles like
Vacuolar protein sorting-associated protein (3.5 and 4-fold), Clathrin
heavy chain (3-fold) and Lymphoid-restricted membrane protein (3-
fold), as well as, proteins involved in signal transduction as Ras-related
protein Rab (3.3 and 5-fold), GTPase SUrab10p (4.5-fold), Guanine
nucleotide-binding protein subunit beta-2 (4.5-fold), Glutamate receptor
4 (3-fold) and Signal transducing adapter molecule 1 (3-fold) (see Sup-
plementary information S1 in [22]). Although, many of these proteins
can also be key players in sea urchin nervous system, but regulated se-
cretory granule exocytosis shares many common aspects with synaptic
vesicle exocytosis and most likely uses the same basic protein compo-
nents [5,12]. Furthermore, given that mature secretory granules are so
densely filled with contents, adhesive and de-adhesive cells can release
large amounts of material promptly by exocytosis when triggered to do
so [24]. Since sea urchin adhesive cells are non-ciliated, they are thought
to interact with the nearby sensory cells via the disc nerve plexus
(Fig. 1C), whereas de-adhesive cells are believed to be controlled by di-
rect stimulation of their apical cilia [39,40].

Still, not much is known about the mechanisms regulating the exo-
cytosis of sea urchin tube foot adhesive and de-adhesive secretions.
However, sea urchin eggs are known to undergo a regulated, calcium-
dependent exocytosis of their cortical secretory granules at fertilization
[41]. Plus, in most secretory granules, calcium content is several orders
of magnitude higher than the concentrations of free calcium ions
found in the cytosol, being trapped inside the granules by calcium-
sequestering organic molecules, such as acidic glycoproteins, glycos-
aminoglycans or proteoglycans [42]. Strikingly, in sea urchin tube feet
disc two calcium-binding protein, Calmodulin (9-fold) and Epidermal
growth factor receptor substrate 15 (6-fold) (see Supplementary infor-
mation S1 in [22]), were significantly over-expressed. Both have the
ability to bind calcium via their EF-hand domains, and therefore could
regulate tube foot adhesive and de-adhesive secretions exocytosis
through calcium, similarly to the reported calcium-calmodulin-depen-
dent triggering of the acrosome reaction of sea urchin spermatozoa
[43]. Nevertheless, sea urchin tube feet discs also present high levels
of proteins with serine/threonine kinase and phosphorylase activity
(Dual specificity tyrosine-phosphorylation-regulated kinase, 4-fold;
Serine/threonine-protein phosphatase 1a, 3.2-fold; Protein phosphatase
1E, 3-fold) (see Supplementary information S1 in [22]), suggesting a
regulation of adhesive and de-adhesive granules exocytosis through
calcium, in combination with a modulation of exocytosis by protein
phosphorylation anddephosphorylation. In sea urchin eggs, an inhibito-
ry phosphoprotein has been shown to obstruct calcium-stimulated exo-
cytosis; but there is still no evidence that a protein phosphatase is an
essential component of the mechanism controlling exocytosis [44].

In P. lividus sea urchins, adhesive secretions are produced by two
types of secretory cells, and then delivered through the disc cuticle
onto the surface where they form a thin film of adhesive material
(Fig. 1D) that binds the tube foot disc to the substratum. One type of
secretory adhesive cell is restricted to the central area of the disc
and contains larger granules with a homogenous core of medium
electron density surrounded by a thin clear space, whereas the sec-
ond type of secretory adhesive cells is distributed in all the rest of
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the disc epidermis, enclosing smaller granules with an electron
dense small core, surrounded by a large electron lucent rim [3]. In
terms of proteins with known adhesive properties,Nectin has been pre-
viously pointed out as a likely candidate, since purified egg Nectin was
shown to significantly increase the binding of dissociated embryonic
cells to the substratum [6] and therefore could also be involved in
adult substratum attachment [5]. In addition, Nectin contains six
galactose-binding discoidin-like domains (DS) that can bind molecules
bearing galactose and N-acetylglucosamine carbohydrate moieties [7]
and therefore could have also a cohesive role by connecting the adhe-
sive components [5]. In the present studywe found thatNectin is indeed
highly expressed in the disc (5.4 to 13-fold), being the second most
over-expressed disc protein (see Supplementary information S1 in
[22]). In addition,we discovered that not only the egg/embryonicNectin
(Uniprot Q70JA0) [6,7] is over-expressed in the disc, but also the newly
reported Nectin variant (GenBank KT351732; differing in 15 predicted
amino acids [8]) and a third uncharacterized Nectin-like protein
(Uniprot W4Z4Y0). Among the three Nectin-like proteins highly over-
expressed in the disc, W4Z4Y0 presented the highest fold difference
(13-fold; see Supplementary information S1 in [22]), shares 63.3% sim-
ilarity with the egg/embryonic Nectin (Q70JA0) (see Supplementary in-
formation S2 in [22]), andwas identified based on 1 unique peptide and
2 peptides in common with the two other variants (see Supplementary
information S1 and S2 in [22]). As for the variants Q70JA0 and
KT351732, they were much more alike in terms of sequence
(98.5% similarity; see Supplementary information S2 in [22]) [8]
and fold difference (respectively 5.9- and 5.4-fold; see Supplemen-
tary information S1 in [22]), being identified based on 28 common
peptides, but also 2 unique peptides for the variant Q70JA0 and 6
unique peptides for the variant KT351732 (see Supplementary in-
formation S1 and S2 in [22]). The existence of protein variants
among marine adhesive proteins is not new and in the mussel
M. edulis there are several known adhesive foot protein variants
namely from mfp-3 (N25 known variants), mfp-5 (2 known vari-
ants), and mfp-6 (5 known variants) [45]. It has been proposed
that having adhesive protein variants with diverse isoelectric points
and post-translational modifications could increase the variety of
interactions that these adhesives can undergo and thus provide flex-
ibility to match distinct underwater surface features [46,47]. Taken
together, our results seem to indicate that P. lividus adhesive discs
express at least three Nectin variants, which sequences differ in
only a few amino acid substitutions, and probably derive from a sin-
gle gene [8]. This hypothesis is in accordance with multiple Nectin
isoforms previously observed in tube feet disc 2DE gels, presenting
different degrees of phosphorylation and glycosylation [5]. In addi-
tion, this study demonstrates that the two previously reported
over-expressed P. lividus tube feet disc Nectin transcripts (GenBank
AJ578435 and KT351732) [8], are indeed translated into two protein
variants that are also significantly over-expressed in the adhesive
disc, thus strengthening the relevance of Nectin for sea urchin
reversible adhesion. The observed protein expression levels were
further validated by western-blot using an anti-Nectin monoclonal
antibody (anti-variant Q70JA0) [18], clearly demonstrating its
over-expression in the disc (Fig. 3), in agreement with our quantitative
proteomics data. The same antibodywas used to immunolocalizeNectin
in the tube feet disc resulting in strong labeling in the central and pe-
ripheral epidermis mirroring the location of adhesive secretory cells,
as well as, in the cuticle (Fig. 4A–B). Concerning the second putatively
adhesive P. lividus protein, Toposome [5,9,10], our study demonstrates,
both by quantitative proteomics (1.3 to 1.9-fold) (data not shown)
and western-blot (Fig. 3) that this protein is not significantly over-
expressed in the adhesive disc, thus refuting previous hypothesis of its
involvement in sea urchin reversible adhesion [5]. Interestingly, a new
Aggregan core protein was found to be over-expressed (4-fold) in the
(see Supplementary information S1 in [22]), suggesting the presence
of proteoglycans that can either derive from chondroitin sulfate
proteoglycans from the tube feet disc cuticle [11] or be secreted into
the adhesives of sea urchins, similarly to sea star adhesives that contain
sialylated proteoglycans [33].

Once released, marine adhesive proteins spread readily on the sub-
stratum where they auto-assemble to form the adhesive joint, usually
accompanied by a gelation or curing process of the adhesive. In aquatic
organisms, this process could result froma pHor ionic strength differen-
tial between the secretory granules and water [24]. As mentioned
above, many marine adhesive proteins are post-translationally mod-
ified with different chemical groups, and together with phosphates,
sulfates have been pointed out as potentially involved in non-
covalent adhesive and/or cohesive interactions, possibly through
Ca2+ or Mg2+ bridging [24]. Concordantly, two sulfatases, Arylsulfatase
(6 to 9-fold) and N-acetylglucosamine-6-sulfatase (3-fold) were highly
over-expressed in the disc (see Supplementary information S1 in
[22]). These enzymes catalyze the hydrolysis of sulfate esters and can
be involved in remodeling of sulfated glycosaminoglycans in the
extracellular space. In sea urchin embryos, Arylsulfatase strongly binds
to sulfated polysaccharides, its deposition being dependent on the
crosslinking of proteins such as collagen-likemolecules, thus suggesting
that it functions by binding to components of the extracellular matrix
[48]. In addition, in the sea star A. rubens both the adhesive secretory
granules and the outer most layer of the cuticle (the fuzzy coat) were
shown to consist of proteins but also carboxylated and sulfated acid gly-
cosaminoglycans [49]. Thus the identified over-expressed sulfatases
could be involved in the binding of sea urchin secreted adhesive to
the disc cuticle or the binding of the adhesive components increasing
the cohesion of the adhesive film.

Additionally, we found that the sea urchin tube feet discs present-
ed four over-expressed proteins with peroxidase activity such as
Tryparedoxin (10-fold), Dual oxidase 1 and 2 (8 to 10-fold), and
Peroxiredoxin 4 (3-fold) (see Supplementary information S1 in
[22]). In sea urchin eggs an Ovoperoxidase is known to catalyze the
formation of di-tyrosine residues between polypeptides of the fertil-
ization envelope in order to harden it [50]. Like Ovoperoxidase, Dual
oxidase 1 and 2 are heme-dependant peroxidases, which favor tyro-
sine as a substrate [51]. Recently, an Ovoperoxidase-like protein
was found in sea star adhesive material [13], which together with
our results strengthens the potential role of heme-dependent peroxi-
dases in the polymerization of echinoderm temporary adhesives. In
other marine attaching organisms such as mussels and tubeworms, ad-
hesive curing is achieved by the action of another enzyme, a tyrosinase
that converts tyrosine into 3,4-dihydroxyphenylalanine (DOPA) [52,
53]. As for the remaining oxidoreductases over-expressed in sea urchin
tube feet discs, such as Tryparedoxin and Peroxiredoxin 4, they can also
be involved in curing or act as antioxidants,metabolizing hydrogen per-
oxide intowatermolecules. It is known thatmarine species are exposed
to continuous environmental changes, such as solar radiation, pollution,
microorganisms, pathogens, salinity and temperature, leading to the ac-
tivation of inner defense responses, including the production of reactive
oxygen species (ROS) [54]. Many organisms have both enzymatic and
non-enzymatic antioxidant defensemechanisms tominimize such inju-
ries, and both types of antioxidants have been recently identified in the
sea star integument mucus [13].

As for the de-adhesive secretion, it is believed to be composed by
enzymes whose catalytic activity promotes breaking of the bonds
established between the adhesive and the disc, explaining the recurrent
presence of an adhesive footprint on the substratum after detachment
[11]. Since sea urchin reversible adhesives aremade of amixture of pro-
teins and carbohydrates (free or conjugated) it is likely that de-adhesive
enzymes such as proteases and glycosylases could trigger de-adhesion
by degradation of the secreted adhesive, but none of these enzymes
were found [5], until now. In the present study, several proteases and
glycosylases were significantly over-expressed, being potential compo-
nents of the de-adhesive secretions. These comprise hydrolases acting
on peptide bonds such as Aminopeptidases (3.7 and 6-fold),Dipeptidases
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Fig. 6. Paracentrotus lividus tube feet secreted adhesive material proteome. Relative
abundance of the proteins identified in the secreted adhesive proteome after annotation
with Blast2GO.
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(3 to 4.5-fold), Bleomycin hydrolase-like (4 and 6-fold) and Cathepsin z
(3-fold) (see Supplementary information S1 in [22]). These results
were further confirmed using afluorescent proteolytic assay tomeasure
the proteolysis of casein using protein extracts from tube feet discs and
stems. As shown in Fig. 5, the disc has a significantly higher proteolytic
activity than the stem (p-value= 0.004), which is in agreement with
the above-mentioned identification and over-expression of several
proteases in P. lividus tube feet discs. Interestingly, other hydrolases
acting on glycosyl groups such as N-(beta-n-acetylglucosaminyl)-l-
asparaginase (4-fold), Carbohydrate-binding family 9-like (3.3-fold)
and Sialidases (3-fold) were also over-expressed in the disc (see
Supplementary information S1 in [22]). Although, the carbohydrate
fraction of P. lividus adhesive is still poorly characterized, this might
be an indication that it contains free or conjugated asparagine-
oligosaccharides and sialic acids similarly to sea star adhesives [33].

The 163 pool of over-expressed disc proteins also puts in evidence
that sea urchin reversible adhesion is an energy-consuming process,
since proteins involved in the citric acid cycle [Phosphoenolpyruvate
(5.5-fold), Malate dehydrogenase (5-fold), Pyruvate carboxylase
(4-fold), Succinyl ligase (4-fold), Fumarate hydratase (3-fold)], sugarsme-
tabolism [Glucose-6-phosphate 1-dehydrogenase (5 fold), UDP-glucose
4-epimerase (4-fold), Glucosamine-6-phosphate isomerase (3.5-fold),
6-phosphogluconate dehydrogenase (3.3-fold), Triosephosphate isomerase
(3-fold)], and fatty acid metabolism [Acyl-coenzyme A oxidase (4-fold)]
were also significantly over-expressed in the disc (see Supplementary
information S1 in [22]). Likewise, in barnacle cyprid larvae, approximate-
ly 30% of the over-expressed proteinswere energy-related proteins indi-
cating that as in sea urchins, larval temporary attachment is an extremely
energy-consuming process [55].

Finally, sea urchin tube feet discs also present a group of over-
expressed proteins that are probably involved in post-detachment
tube foot disc repair and regeneration. Sea urchin reversible adhesion
is a traumatic process and tube feet discs can be injured superficially
(at the cuticle level) or even amputated [5]. Therefore it is not surprising
to identify over-expressed extracellular matrix (ECM) components
[Fibrillar alpha collagens (4 to 10-fold), Arylsulfatase (6 to 9-fold),
Fras1-related extracellular matrix protein 2 (5-fold), Fibrosurfin (4-
fold)], proteins related with ECM-cell interactions and cytoskeleton
organization [Microtubule-actin cross-linking factor 1 (3 to 4.5-fold),
Gelsolin-like protein 2 (4-fold); Actin-related protein 2/3 complex sub-
unit 2 and 4 (3 to 4-fold), Nidogen-2 (3.5-fold), Fascin (3-fold);
Wiskott-aldrich syndrome protein (3-fold), Beta-parvin (3-fold), Dy-
nein light chain (3-fold), and Stathmin (3-fold)] and proteins in-
volved in neuronal differentiation [Dihydropyrimidinase (5.3-fold)]
(see Supplementary information S1 in [22]). In addition, a protein
implicated in biomineralization — P19 protein was the one with the
highest fold difference (20-fold) (see Supplementary information S1
in [22]), which is expected since tube feet discs are internally supported
by a calcified skeleton (composed of a distal rosette and a proximal
frame) that is absent in stems [3]. Indeed, it has been demonstrated
that in sea urchin embryos P19 mRNA expression is restricted to
skeletogenic cells throughout embryogenesis [56].

To the best of our knowledge this study provides the first quantita-
tive proteomic analysis of a marine adhesive organ, comparing the
protein expression levels in the adhesive (the disc) versus the non-
adhesive (stem) part of the tube feet, putting in evidence the expression
levels of 163 key proteins specifically involved in sea urchin reversible
adhesion.

This knowledge was further improved by identifying the secreted
adhesive proteome aswell, using the latestmass-spectrometry technol-
ogy. Although, P. lividus adhesivematerial has been previously analyzed,
only 6 proteins could be identified [4]. For this, adhesive footprints from
several sea urchins were collected, followed by protein purification
by SDS-PAGE, in-gel digestion of the obtained concentrated protein
bands, analysis by LC–MS/MS and database searching as above ex-
plained (see Supplementary information S1 in [22]). The analysis of
the adhesive proteome resulted in the identification of 611 non-
redundant proteins of which 75% were uncharacterized, 99% of which
(606 proteins) were successfully annotated (see Figs. 4B and 5B and
Supplementary information S1 in [22]). If we analyze the annotated
proteins in terms of relative abundance, it becomes clear that the
main adhesive components are actins (27.9%), histones (24.4%), tubu-
lins (11.9%), ribosomal proteins (7.9%) and myosins (1.4%), totalizing
73.5% (Fig. 6; see also Supplementary information S1 in [22]). The
three most abundant protein groups were the same previously identi-
fied in sea urchin adhesives [4] and recently, these same five protein
groupswere reported as being present in the sea star A. rubens adhesive
and integument mucus [13]. It has been hypothesized that these pro-
teins are not components of adhesive but are remains of cellular epider-
mal material [13]. In addition, the presence of cytoskeletal components,
such as actin, tubulin and myosin, can also be related with secretory
granules mobility, since these proteins are known to play an active
role granule translocation and attachment to the plasma membrane
during exocytosis [57]. Nevertheless, the possibility that these proteins
actually belong to sea urchin adhesive should not be discarded. Struc-
tural proteins such as tubulin and actin have a flexible arrangement,
being usually associated with tension-bearing functions, making them
candidate proteins as cohesive elements in the adhesive matrix [4,58].
As for histones and ribosomal proteins, nowadays, there are evidences
that they also possess antimicrobial activity, possibly protecting the ad-
hesive against microbial degradation [59,60]. In addition, histones are
also natural polyelectrolytes that could provide polycations (basic pro-
teins) for complex coacervation (i.e. combination of two or more poly-
electrolytes such as proteins in solution to form soluble aggregates) of
the sea urchin adhesive as reported for other marine adhesives [5,61].
In sandcastle worms, given the presence of both polyanions (acidic pro-
teins) and polycations (basic proteins) in the granules, coacervation is
driven by the electrostatic attraction and neutralization of these oppo-
sitely charged polyelectrolytes [27,62]. In mussels, polyanions are not
known to be involved in adhesion but it has been demonstrated that a
zwitterionic variant of the protein fp-3 (Mfp-3S) can coacervatewith it-
self through both electrostatic and hydrophobic interactions [63,64].
Thus, complex coacervation would be adaptively beneficial for sea ur-
chins adhesives as well, because it allows accommodating very high
protein concentrations in a fluidic adhesive that can be positioned and
spread over a surface without loss to the surrounding seawater, and
then be cured or transformed into a more solid material [64,65].

In terms of proteins with known adhesive properties, Nectin is the
most abundant protein in the adhesive. Four variants of Nectin are



Fig. 7. Proposedmolecularmodel of the key players in sea urchin reversible adhesion. Themost relevant over-expressed proteins for the disc secretory function are proposed aswell as the
main components of the adhesive and de-adhesive secretions. Proteins have been divided according to their known function and putative involvement in the several steps of reversible
adhesion: before attachment (A), during attachment (B), during detachment (C) and after detachment (D).
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present in the adhesive (Q70JA0, KT351732, W4Z4Y0, W4ZF96) totaliz-
ing 1.2% in terms of relative abundance (Fig. 6, see also Supplementary
information S1 in [22]). Q70JA0 and KT351732 are the most abundant
variants, and due to their sequence similarity were identified based on
28 common peptides and 4 and 2 unique peptides, respectively (see
Supplementary information S1 and S2 in [22]). The remaining
Nectin-like variants, W4Z4Y0 and W4ZF96, share around 65% of se-
quence similarity with Q70JA0 (see Supplementary information S2
in [22]), and were identified with only 1 unique peptide, except for
W4Z4Y0 that shared 1 more peptide in common with Q70JA0 and
KT351732 (see Fig. 6, Supplementary information S1 and S2 in [22]).
The recently discovered Nectin variant 2 (KT351732) was shown to
differ from the first reported Nectin (Q70JA0) in 33 single nucleotide
substitutions, resulting in 15 amino acid changes [8]. Likewise, the
two newly identified Nectin-like proteins (W4Z4Y0 and W4ZF96)
were both identified with only 1 unique peptide presenting only two
amino acid changes relatively to the equivalent peptide in Q70JA0 and
KT351732 (Supplementary information S1 and S2 in [22]). These results
further support our hypothesis that several Nectin variants, differing
only by a few amino acids, are being over-expressed in the disc and
then secreted for substratum attachment. The presence of Nectin in
the secreted P. lividus adhesive was also confirmed by immunohis-
tochemistry using a monoclonal antibody raised against the egg/
embryonic Nectin (Q70JA0) [18]. The entire adhesive footprint was
strongly labeled, proving that Nectin is not only over-expressed in the
disc, but is an actual component of P. lividus tube feet adhesive secretion
(Fig. 4C).

4. Conclusions

To our knowledge this is the first study that combines the analysis of
the differential proteome of an adhesive organ, with the proteome of its
secreted adhesive. This strategic option in combination with the usage
of the latest proteomics and mass spectrometry technologies, allowed
us to obtain an unprecedented look on the molecular mechanisms un-
derlying sea urchins reversible adhesion. We expanded the proteome
of the sea urchin tube foot disc from the previously identified 328 to
968 non-redundant proteins. Most importantly, by using quantitative
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proteomics to compare protein expression levels in the adhesive part
(the disc) versus the non-adhesive part (the stem) of sea urchin tube
feet, we provide the first list of 163 highly over-expressed disc proteins
(N3-fold), bringing new knowledge on the key elements involved in sea
urchin reversible adhesion. Plus, the analysis of the sea urchin adhesive
proteome allowed us to expand the list of components from 6 to 611
non-redundant proteins. Of these, we demonstrate that more than
70% of the adhesive components fall withinfive protein groups probably
involved in adhesive exocytosis and its protection against microbes. Fi-
nally, we present evidences that the putatively adhesive protein Nectin,
is not only highly expressed in tube feet discs (5.4 to 13-fold), but is an
actual component of the secreted adhesive, constituting the first report
on a sea urchin footprint adhesive protein. These findings allowed us to
propose the first molecular model for sea urchin reversible adhesion
(Fig. 7), making a strong contribute towards a deeper knowledge on
the functional properties and associated molecular mechanisms of ma-
rine adhesives, crucial to the desired engineering of innovative biomi-
metic adhesives for industrial and medical applications.

Acknowledgments

RSwas supported by Fundação para a Ciência e Tecnologia through a
Ciência 2008 research contract, a post-doctoral grant (SFRH/BPD/
109081/2015) and a project grant (PTDC/MAR/117360/2010). GC was
supported by Fundação para a Ciência e Tecnologia through a research
contract (IF/00359/2014). The proteomics part of this researchwas per-
formed within the framework of the PRIME-XS project, grant number
262067, funded by the European Union 7th Framework Program and
the Netherlands Organization for Scientific Research (NWO) supported
large scale proteomics facility Proteins@Work (project 184.032.201).
The authors wish to acknowledge Dr. Fátima Gil and Miguel Cadete for
sea urchin maintenance, Francesca Zito for antibodies and Jamila
Bouradaa for technical assistance.

References

[1] P. Flammang, R. Santos, Biological adhesives: from biology to biomimetics, Interface
Focus 5 (2015) 20140086.

[2] R. Santos, Amultidisciplinary analysis of sea-urchin temporary adhesion: morphology,
biomechanics and proteomics— A review, Cah. Biol. Mar. 54 (2013) 479–489.

[3] R. Santos, P. Flammang,Morphology and tenacity of the tube foot disc of three common
European sea urchin species: a comparative study, Biofouling 22 (3) (2006) 187–200.

[4] R. Santos, G. da Costa, C. Franco, P. Gomes-Alves, P. Flammang, A.V. Coelho, First in-
sights into the biochemistry of tube foot adhesive from the sea urchin Paracentrotus
lividus (Echinoidea, Echinodermata), Mar. Biotechnol. 11 (2009) 686–698.

[5] R. Santos, A. Barreto, C. Franco, A.V. Coelho,Mapping sea urchins tube feet proteome— a
unique hydraulic mechano-sensory adhesive organ, J. Proteome 79 (2013) 100–113.

[6] V. Matranga, D. Di Ferro, F. Zito, M. Cervello, E. Nakano, A new extracellular matrix
protein of the sea urchin embryo with properties of a substrate adhesion molecule,
Rouxs Arch. Dev. Biol. 201 (1992) 173–178.

[7] C. Costa, C. Cavalcante, F. Zito, Y. Yokota, V. Matranga, Phylogenetic analysis and ho-
mology modelling of Paracentrotus lividus nectin, Mol. Divers. 14 (2010) 653–665.

[8] D. Toubarro, A. Gouveia, R.M. Ribeiro, N. Simões, G. da Costa, C. Cordeiro, R. Santos,
Cloning, characterization and expression levels of the Nectin gene from the tube feet
of the sea urchin Paracentrotus lividus, Mar. Biotechnol. (2016) (accepted for publi-
cation (MBT-15-0183)).

[9] H. Noll, J. Alcedo, M. Daube, E. Frei, E. Schiltz, J. Hunt, T. Humphries, V. Matranga, M.
Hochstrasser, R. Aebersold, H. Lee, M. Noll, The toposome, essential for sea urchin
cell adhesion and development, is a modified iron-less calcium-binding transferring,
Dev. Biol. 310 (2007) 54–70.

[10] V. Matranga, B. Kuwasaki, H. Noll, Functional characterization of toposomes from
sea urchin blastula embryos by a morphogenetic cell aggregation assay, EMBO J. 5
(1986) 3125–3132.

[11] P. Flammang, A. Michel, A. Van Cauwenberge, H. Alexandre, M. Jangoux, A study of
the temporary adhesion of the podia in the sea star Asterias rubens (Echinodermata,
Asteroidea) through their footprints, J. Exp. Biol. 201 (1998) 2383–2395.

[12] E. Hennebert, R. Wattiez, J.H. Waite, P. Flammang, Characterization of the protein
fraction of the temporary adhesive secreted by the tube feet of the sea star Asterias
rubens, Biofouling 28 (2012) 289–303.

[13] E. Hennebert, B. Leroy, R. Wattiez, P. Ladurner, An integrated transcriptomic and
proteomic analysis of sea star epidermal secretions identifies proteins involved in
defense and adhesion, J. Proteome 128 (2015) 83–91.

[14] E. Hennebert, R. Wattiez, M. Demeuldre, P. Ladurner, D.S. Hwang, J.H. Waitee, P.
Flammang, Sea star tenacity mediated by a protein that fragments, then aggregates,
PNAS 111 (17) (2014) 6317–6322.
[15] J.A. Vizcaíno, E.W. Deutsch, R. Wang, A. Csordas, F. Reisinger, D. Ríos, J.A. Dianes, Z.
Sun, T. Farrah, N. Bandeira, P.A. Binz, I. Xenarios, M. Eisenacher, G. Mayer, L. Gatto,
A. Campos, R.J. Chalkley, H.J. Kraus, J.P. Albar, S. Martinez-Bartolomé, R. Apweiler,
G.S. Omenn, L. Martens, A.R. Jones, H. Hermjakob, ProteomeXchange provides glob-
ally co-ordinated proteomics data submission and dissemination, Nat. Biotechnol.
30 (2014) 223–226.

[16] A. Conesa, S. Götz, J.-M. Garcia-Gomez, J. Terol, M. Talon, M. Robles, Blast2GO: a uni-
versal tool for annotation, visualization and analysis in functional genomics re-
search, Bioinformatics 21 (2005) 3674–3676.

[17] G. da Costa, R.A. Gomes, A. Guerreiro, E. Mateus, E. Monteiro, E. Barroso, A.V. Coelho,
A.P. Freire, C. Cordeiro, Beyond genetic factors in familial amyloidotic polyneuropathy:
protein glycation and the loss of fibrinogen's chaperone activity, PLoS One 6 (10)
(2011), e24850.

[18] F. Zito, V. Tesoro, D.R. McClay, E. Nakano, V. Matranga, Ectoderm cell–ECM interac-
tion is essential for sea urchin embryo skeletogenesis, Dev. Biol. 196 (1998)
184–192.

[19] A. Pinsino,M.C. Thorndyke, V.Matranga, Coelomocytes and post-traumatic response in
the common sea star Asterias rubens, Cell Stress Chaperones 12 (4) (2007) 331–341.

[20] R. Santos, P. Flammang, Is the adhesive material secreted by sea urchin tube feet
species-specific? J. Morphol. 273 (2012) 40–48.

[21] G. da Costa, C. Ribeiro-Silva, R.M. Ribeiro, S. Gilberto, R.A. Gomes, A. Ferreira, E.
Mateus, E. Barroso, A.V. Coelho, A.P. Freire, C. Cordeiro, Transthyretin amyloidosis:
chaperone concentration changes and increased proteolysis in the pathway to dis-
ease, PLoS One 10 (7) (2015), e0125392.

[22] N. Lebesgue, G. da Costa, R.M. Ribeiro, C. Ribeiro-Silva, G. Martins, V. Matranga, A.
Scholten, C. Cordeiro, A.J.R. Heck, R. Santos, Quantitative proteomic analysis of the
adhesive organs of the sea urchin Paracentrotus lividus and the protein composition
of its secreted adhesive, Data Brief (2016) (submitted for publication).

[23] B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, P. Walter, Molecular Biology of the
Cell, Garland Science, New York, 2002.

[24] E. Hennebert, B. Maldonado, P. Ladurner, P. Flammang, R. Santos, Experimental
strategies for the identification and characterization of adhesive proteins in ani-
mals: a review, Interface Focus 5 (2015) 20140064.

[25] S.C. Warner, J.H. Waite, Expression of multiple forms of an adhesive plaque protein
in an individual mussel, Mytilus edulis, Mar. Biol. 134 (1999) 729–734.

[26] P.T. Becker, A. Lambert, A. Lejeune, D. Lanterbecq, P. Flammang, Identification,
characterization, and expression levels of putative adhesive proteins from the
tube-dwelling polychaete Sabellaria alveolata, Biol. Bull. 223 (2012) 217–225.

[27] H. Zhao, C. Sun, R.J. Stewart, J.H. Waite, Cement proteins of the tube-building poly-
chaete Phragmatopoma californica, J. Biol. Chem. 280 (2005) 42938–42944.

[28] P. Flammang, A. Lambert, P. Bailly, E. Hennebert, Polyphosphoprotein-containing
marine adhesives, J. Adhes. 85 (2009) 447–464.

[29] J.H. Waite, X. Qin, Polyphosphoprotein from the adhesive pads ofMytilus edulis, Bio-
chemistry 40 (2001) 2887–2893.

[30] H. Zhao, J.H. Waite, Linking adhesive and structural proteins in the attachment
plaque of Mytilus californianus, J. Biol. Chem. 281 (2006) 26150–26158.

[31] C. Sun, G.E. Fantner, J. Adams, P.K. Hansma, J.H. Waite, The role of calcium and mag-
nesium in the concrete tubes of the sandcastle worm, J. Exp. Biol. 210 (2007)
1481–1488.

[32] C.M. Taylor, W. Wang, Histidinoalanine: a crosslinking amino acid, Tetrahedron 63
(2007) 9033–9047.

[33] E. Hennebert, R. Wattiez, P. Flammang, Characterisation of the carbohydrate fraction
of the temporary adhesive secreted by the tube feet of the sea star Asterias rubens,
Mar. Biotechnol. 13 (2011) 484–495.

[34] K. Ohkawa, A. Nishida, H. Yamamoto, J.H. Waite, A glycosylated byssal precursor
protein from the green mussel Perna viridiswith modified dopa sidechains, Biofoul-
ing 20 (2004) 101–115.

[35] L.M. Rzepecki, J.H. Waite, The byssus of the zebra mussel, Dreissena polymorpha. II.
Structure and polymorphism of byssal polyphenolic protein families, Mol. Mar.
Biol. Biotechnol. 2 (1993) 267–279.

[36] H. Zhao, J. Sagert, D.S. Hwang, J.H. Waite, Glycosylated hydroxytryptophan in a mus-
sel adhesive protein from Perna viridis, J. Biol. Chem. 284 (2009) 23 344–23 352.

[37] K. Kamino, M. Nakano, S. Kanai, Significance of the conformation of building blocks
in curing of barnacle underwater adhesive, FEBS J. 279 (2012) 1750–1760.

[38] Z. Roth, G. Yehezkel, I. Khalaila, Identification and quantification of protein glycosyl-
ation, Int. J. Carbohydr. Chem. 2012 (2012) 640923.

[39] P. Flammang, Adhesion in Echinoderms, in: M. Jangoux, J.M. Lawrence (Eds.), Echi-
noderm Studies, Balkema, Rotterdam 1996, pp. 1–60.

[40] P. Flammang, M. Jangoux, Functional morphology of coronal and peristomeal podia
in Sphaerechinus granularis (Echinodermata Echinoida), Zoomorphology 113 (1993)
47–60.

[41] M.J. Whitaker, Exocytosis in sea urchin eggs, Ann. N. Y. Acad. Sci. 710 (1994)
248–253.

[42] G. Nicaise, K. Maggio, S. Thirion, M. Horoyan, E. Keicher, The calcium loading of se-
cretory granules. A possible key event in stimulus-secretion coupling, Biol. Cell. 75
(1992) 89–99.

[43] K. Sano, Inhibition of the acrosome reaction of sea urchin spermatozoa by a calmodulin
antagonist, N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide (W-7), J. Exp.
Zool. 226 (1983) 471–473.

[44] T. Whalley, I. Crossley, M. Whitaker, Phosphoprotein inhibition of calcium-
stimulated exocytosis in sea urchin eggs, J. Cell Biol. 113 (4) (1991) 769–778.

[45] J. Yu, W. Wei, E. Danner, R.K. Ashley, J.N. Israelachvili, J.H. Waite, Mussel protein ad-
hesion depends on thiol-mediated redox modulation, Nat. Chem. Biol. 7 (9) (2011)
588–590.

[46] R.J. Stewart, C.S. Wang, H. Shao, Complex coacervates as a foundation for synthetic
underwater adhesives, Adv. Colloid Interf. Sci. 167 (2011) 85–93.

http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0005
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0005
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0010
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0010
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0015
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0015
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0020
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0020
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0020
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0025
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0025
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0030
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0030
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0030
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0035
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0035
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0040
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0040
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0040
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0040
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0045
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0045
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0045
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0045
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0050
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0050
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0050
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0055
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0055
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0055
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0060
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0060
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0060
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0065
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0065
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0065
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0070
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0070
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0070
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0075
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0075
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0075
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0075
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0075
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0075
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0080
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0080
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0080
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0085
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0085
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0085
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0085
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0090
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0090
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0090
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0095
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0095
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0100
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0100
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0105
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0105
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0105
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0105
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0110
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0110
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0110
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0110
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0115
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0115
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0120
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0120
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0120
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0125
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0125
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0130
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0130
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0130
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0135
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0135
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0140
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0140
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0145
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0145
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0150
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0150
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0155
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0155
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0155
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0160
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0160
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0165
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0165
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0165
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0170
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0170
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0170
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0175
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0175
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0175
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0180
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0180
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0185
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0185
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0190
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0190
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0195
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0195
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0200
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0200
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0200
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0205
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0205
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0210
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0210
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0210
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0215
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0215
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0215
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0220
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0220
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0225
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0225
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0225
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0230
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0230


71N. Lebesgue et al. / Journal of Proteomics 138 (2016) 61–71
[47] H. Zhao, N.B. Robertson, S.A. Jewhurst, J.H. Waite, Probing the adhesive footprints of
Mytilus californianus byssus, J. Biol. Chem. 281 (16) (2006) 11090–11096.

[48] K. Mitsunaga-Nakatsubo, Y. Akimoto, H. Kawakami, K. Akasaka, Sea urchin
arylsulfatase, an extracellular matrix component, is involved in gastrulation during
embryogenesis, Dev. Genes Evol. 219 (2008) 281–288.

[49] C. Perpeet, M. Jangoux, Contribution á l'etude des pieds et des ampoules
ambulacraires d’Asterias rubens (Echinodermata, Asteroides), Forma Funct. 6
(1973) 191–209.

[50] C.A. Foerder, B.M. Shapiro, Release of ovoperoxidase from sea urchin eggs hardens
the fertilization membrane with tyrosine crosslinks, Proc. Natl. Acad. Sci. U. S. A.
74 (1977) 4214–4218.

[51] G.J. LaFleur Jr., Y. Horiuchi, G.M. Wessel, Sea urchin ovoperoxidase: oocyte-specific
member of a heme-dependent peroxidase superfamily that functions in the block
to polyspermy, Mech. Dev. 70 (1998) 77–89.

[52] J.H. Waite, R.A. Jensen, D.E. Morse, Cement precursor proteins of the reef-building
polychaete Phragmatopoma californica (Fewkes), Biochemistry 31 (1992)
5733–5738.

[53] C.S. Wang, R.J. Stewart, Localization of the bioadhesive precursors of the sandcastle
worm, Phragmatopoma, J. Exp. Biol. 215 (2012) 351–361.

[54] M.P. Lesser, Oxidative stress in marine environments: biochemistry and physiolog-
ical ecology, Annu. Rev. Physiol. 68 (2006) 253–278.

[55] Z.-F. Chen, H. Zhang, H.Wang, K. Matsumura, Y.H. Wong, T. Ravasi, P.-Y. Qian, Quan-
titative proteomics study of larval settlement in the barnacle Balanus amphitrite,
PLoS One 9 (2) (2014), e88744.
[56] C. Costa, K. Karakostis, F. Zito, V. Matranga, Phylogenetic analysis and expression
patterns of p16 and p19 in Paracentrotus lividus embryos, Dev. Genes Evol. 222 (4)
(2012) 245–251.

[57] P.S. Abbineni, J.E. Hibbert, J.R. Coorssen, Critical role of cortical vesicles in dissecting
regulated exocytosis: overview of insights into fundamentalmolecular mechanisms,
Biol. Bull. 224 (3) (2013) 200–217.

[58] C. Galli, S. Guizzardi, G. Passeri, G.M. Macaluso, R. Scandroglio, Life on the wire: on
tensegrity and force balance in cells, Acta Biomed. 76 (2005) 5–12.

[59] H. Kawasaki, S. Iwamuro, Potential roles of histones in host defense as antimicrobial
agents, Infect. Disord. Drug Targets 8 (2008) 195–205.

[60] J.M. Fernandes, V.J. Smith, A novel antimicrobial function for a ribosomal peptide
from rainbow trout skin, Biochem. Biophys. Res. Commun. 296 (1) (2002) 167–171.

[61] J.H. Waite, N. Holten-Andersen, S. Jewhurst, C.J. Sun, Mussel adhesion: finding the
tricks worth mimicking, J. Adhes. 81 (2005) 297–317.

[62] B.J. Endrizzi, R.J. Stewart, Glueomics: an expression survey of the adhesive gland of
the sandcastle worm, J. Adhes. 85 (2009) 546–559.

[63] J.Y. Wei, C. Broomell, J.N. Israelachvili, J.H. Waite, Hydrophobic enhancement of
Dopa-mediated adhesion in a mussel foot protein, J. Am. Chem. Soc. 135 (2013)
377–383.

[64] W.Wei, Y. Tan, N.R. Martinez Rodriguez, J. Yu, J.N. Israelachvili, J.H. Waite, A mussel-
derived one component adhesive coacervate, Acta Biomater. 10 (2014) 1663–1670.

[65] H. Shao, K.N. Bachus, R.J. Stewart, A water-borne adhesive modeled after the
sandcastle glue of P. californica, Macromol. Biosci. 9 (2009) 464–471.

http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0235
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0235
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0240
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0240
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0240
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0245
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0245
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0245
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0250
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0250
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0250
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0255
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0255
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0255
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0260
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0260
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0260
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0265
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0265
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0270
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0270
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0275
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0275
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0275
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0280
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0280
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0280
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0285
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0285
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0285
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0290
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0290
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0295
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0295
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0300
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0300
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0305
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0305
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0310
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0310
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0315
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0315
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0315
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0320
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0320
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0325
http://refhub.elsevier.com/S1874-3919(16)30049-5/rf0325

	Deciphering the molecular mechanisms underlying sea urchin reversible adhesion: A quantitative proteomics approach
	1. Introduction
	2. Material and methods
	2.1. Sample preparation
	2.2. Protein extraction and digestion
	2.3. Fractionation by strong cation exchange (SCX)
	2.4. Analysis by liquid chromatography coupled to mass spectrometry
	2.5. Data analysis
	2.6. SDS-PAGE and western blotting
	2.7. Immunohistochemistry
	2.8. Proteolytic activity

	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References


