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ABSTRACT

Abstract

Bioadhesion is vital for many aquatic organisms, since it is through the production of
adhesive secretions that these animals attach, move and feed in their habitats (Flammang et
al., 2016). Currently, the best studied bioadhesives are from organisms that attach
permanently (mussels, barnacles) or transitorily (limpets), while little is still known about
reversible adhesion (sea urchins, sea stars).

In a recent publication, our lab focused on the characterization of the glycidic fraction
of sea urchin adhesives. Simao et al. (2020) analysed the adhesive organs (so-called tube
feet, composed by an adhesive disc and a non-adhesive motile stem) and the secreted
adhesive (footprint) using a battery of 22 lectins that recognize different glycans. The authors
demonstrated the presence of glycoproteins with N-acetylgalactosamine (GalNac, detected
by SBA) and N-acetylglucosamine (GlcNac) residues in Paracentrotus lividus adhesive disc
epidermis and footprint, the later either in its simpler form (detected by GSL Il) or in a specific
chitobiose arrangement (a dimer of -1,4-linked glucosamine units; detected by WGA, STL
and LEL). LEL staining was particularly interesting, since it labelled what seems to be
secretory granules, packed within the ducts of adhesive cells up to the level of the disc cuticle.

The aim of this project was to further investigate these P. lividus candidate
adhesive/cohesive glycoproteins through (i) lectin pulldowns, taking advantage of their
specificities for different glycans; (ii) identification of the pulled-down glycoproteins by mass-
spectrometry, making use of the recently published transcriptome specific for P. lividus
adhesive organs and (iii) select within the identified glycoproteins those that were previously
pinpointed as putative adhesive candidates and perform an in silico analysis using
bioinformatic tools to obtain a more detailed biochemical characterization.

Using this multidisciplinary approach, we pulled down high molecular weight
glycoproteins containing GlcNac (simple and chitobiose) and GalNac (SBA). Within these, we
identified and characterized five candidate adhesive/cohesive glycoproteins, that according to
their biochemical characteristics can be separated as follows: (i) two large negatively charge
proteins (Nectin and alpha-tectorin) and a smaller positively charge protein (uncharacterized
protein), with a probable adhesive and/or cohesive function, (ii) an alpha-2-macroglobulin
enzyme, possibly promoting adhesion/cohesion or having a protective role and (iii) a
peroxidase, most likely involved in protein crosslinking, contributing to the cohesiveness of the
secreted adhesive.

By providing a deeper characterization of these adhesive/cohesive glycoproteins, this
work gives a step forward towards the development of stronger and biocompatible sea urchin-
inspired bioadhesives.

Key words: sea urchin; tube feet; bioadhesive; glycoproteins; biomimetic adhesive

XXIX






RESUMO

Resumo

A bioadesao tem sido descrita como essencial para os organismos marinhos pois €
através da producao de secrecdes adesivas que estes se fixam, movem e alimentam nos
seus habitats (Flammang et al., 2016). Atualmente, os adesivos mais estudados sao os
classificados como permanentes (mexilhdo, cracas) ou transitérios (caracdis marinhos).
Ainda nao se conhece muito sobre os adesivos reversiveis (ourigos e estrelas do mar).

Numa publicacdo recente, 0 nosso laboratério caracterizou a fragdo glicidica dos
adesivos dos ouricos do mar. Simao et al. (2020) analisaram os Orgaos adesivos
(denominados pés ambulacrarios - compostos por um disco adesivo € um caule ndo-adesivo)
e 0 adesivo secretado, recorrendo a uma bateria de 22 lectinas que reconhecem diferentes
glicidos. Os autores detetaram glicoproteinas com residuos de N-acetilglucosamina (GlcNac)
na epiderme adesiva e no adesivo de Paracentrotus lividus. Este glicido foi identificado na
sua forma mais simples (detetado por GSL IlI) e num arranjo especifico (um dimero de
glucosamina; detetado por WGA, STL e LEL). A imunomarcacado com a LEL mostrou ser a
mais especifica, marcando estruturas semelhantes a granulos secretores, empacotados nos
ductos das células adesivas até a cuticula do disco.

O principal objetivo deste projeto foi caracterizar as potenciais glicoproteinas
adesivas/coesivas através da (i) utilizagdo de lectinas para obter diferentes fracdes
enriquecidas com base na especificidade das mesmas para diferentes glicidos; (ii)
identificacao por espectrometria de massa das glicoproteinas obtidas em cada fragao, tirando
partido da existéncia de uma transcriptoma especifico para os 6rgaos adesivos de P. lividus
e (iii) selegdo dentro das proteinas identificadas, daquelas que apontadas anteriormente
como potenciais proteinas adesivas, de forma a realizar uma caracterizagao bioquimica mais
aprofundada das mesmas como base numa andlise in silico utilizando ferramentas
bioinformaticas.

Esta abordagem multidisciplinar permitiu obter glicoproteinas com elevado peso
molecular, com residuos de GlcNac (simples e em quitobiose) e GalNac. Destas, foi possivel
identificar e caracterizar cinco proteinas potencialmente adesivas/coesivas, que com base
nas suas caracteristicas bioquimicas podem ser separadas da seguinte forma: (i) duas
proteinas grandes carregadas negativamente (Nectina e alfa-tectorina) e uma proteina
pequena carregada positivamente (proteina nao caracterizada), possivelmente com fungdes
adesivas/coesivas (i) a enzima alfa-macroglobulina, com uma possivel fungao
adesiva/coesiva ou de protecdo do adesivo; e (iii) uma peroxidase, muito provavelmente
envolvida na polimerizagao das proteinas do adesivo, contribuindo assim para a sua elevada

coesio e insolubilidade.
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RESUMO
Este estudo permitiu caracterizar em maior profundidade glicoproteinas
potencialmente adesivas/coesivas, dando mais um passo para o futuro desenvolvimento de

adesivos mais fortes e biocompativeis inspirados em ouricos do mar.

Palavras chave: ouricos do mar; pés ambulacrarios; bioadesivo; glicoproteinas; adesivo

biomimético;
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GENERAL INTRODUCTION

1.1. Adhesives

Currently, adhesives are considered as promising candidates over invasive
mechanical procedures such as sutures (Ferreira et al., 2008; Vernengo, 2016; Zhu et al.,
2018; Jain and Wairkar, 2019; Rathi et al., 2019). They are commercially available and are
being used in different medical areas, namely neurosurgery, orthopaedical, periodontal,
ophthalmic, cardiovascular, pneumothoracic, gastrointestinal, plastic and reconstructive
surgery (Jackson, 2001; Dinte and Sylvester, 2018; Jain and Wairkar, 2019, Ge and Chen,
2020).

Beside sutures, various other materials like microporous surgical tapes, clips and
staples are also used in surgeries (Sanders and Nagatomi, 2014). These procedures are easy
to handle, have high tensile strength and no allergic or carcinogenic potential. However, they
are time-consuming and require penetration of the surrounding tissues, causing additional
damage and increasing potential for infection (Reece et al., 2001; Vernengo, 2016; O’'Rorke
et al., 2017; Xu et al., 2017; Zhu et al., 2018; Jain and Wairkar, 2019; Rathi et al., 2019).
Additionally, these techniques are not a suitable solution in some surgical situations such as
in friable tissues, minimally invasive surgeries or in large-scale traumas (Vernengo, 2016;
Dinte and Sylvester, 2018; Rathi et al., 2019). Therefore, novel developments of suture-less
techniques have been conducted to decrease surgeries time and accelerate patients’
recovery, while alleviating their pain.

Adhesives use materials of either biological or synthetic origin in the adherence of-or-
to biological surfaces (Palacio and Bhushan, 2012; Zhu et al., 2018; Rathi et al., 2019). They
also help in attaching medical devices to tissues and post-operative sealing of air or gas
leakages through an incision.

Ideally, they should possess strong bonding strength and elasticity, being easy to
apply, biocompatible and biodegradable (Ferreira et al., 2008; Xu et al., 2017; Zhu et al., 2018;
Jain and Wairkar, 2019; Rathi et al., 2019; Quan et al., 2019). Furthermore, it must act locally,
not hindering the process of natural healing (Reece et al., 2001; Sanders and Nagatomi, 2014;
Rathi et al., 2019). Depending on their function, they are classified as hemostats, adhesives
and sealants (Ferreira et al., 2008; Vernengo, 2016; Dinte and Sylvester, 2018; Richter et al.,
2018; Jain and Wairkar, 2019). Hemostats act as a hemostatic agent to form a clot in the
presence of blood, while sealants mostly stop fluid leakage from the opening of tissues.
Adhesives are responsible to re-approximate injured tissue, like in a wound or incision (Zhu
et al., 2018; Richter et al., 2018; Jain and Wairkar, 2019). It has been noted that the same
bioadhesive can have multiple actions.

The mechanism of adhesion is primarily based on two interactions viz. chemical and
physiological (Jain and Wairkar, 2019; Rathi et al., 2019). The chemical interaction involves

the formation of ionic or chemical bonds between the interfaces of adhesives and biological
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substrate due to the interaction of different functional groups present in the adhesives (e.g.
crosslinking and mechanical interlocking). On the other hand, physiological interaction
involves adhesion through physiologically related mechanisms like the blood clotting process.
On the basis of the adhesion interactions and the type of material used for the adhesives
production, they are classified as synthetic, natural or biomimetic adhesives (Modjarrad and
Ebnesajjad, 2013; Dinte and Sylvester, 2018; Ge and Chen, 2020). Their in situ application
during surgeries or medical interventions depends on the biocompatibility of the used material.

Currently, the most appropriate approach depends on each individual medical

situation.

1.1.1. Synthetic based-adhesives

Synthetic polymers, as polyurethanes, polyethylene glycol and cyanoacrylates and its
derivatives, are used in the majority of adhesives applied in surgeries (Jain and Wairkar,
2019).

High tensile strength and good mechanical properties are their main advantages
(Ferreira et al., 2008; Jain and Wairkar, 2019). However, all of them are considered to have
drawbacks regarding toxicity or long-term mechanical performance. They suffer from poor
biocompatibility, failing to meet the requirements of many surgical procedures (Zhu et al.,
2018; Richter et al., 2018; Balkenende et al., 2019; Jain and Wairkar, 2019; Rathi et al., 2019;
Pandey et al., 2020; Ge and Chen, 2020).

Table 1 — Synthetic based adhesives main characteristics | The adhesion mechanism and subsequent
advantages and disadvantages are summarized for polyurethane (a polymer composed of organic units joined by

urethane links), polyethylene glycol (a polymer formed by ethylene oxide and water) and the cyanoacrylate
(different ester of cyanoacrylate acid).

Adhesion mechanisms Advantages Disadvantages References
Network polymerization due to urea bond
'p y o M wettability 1 setting time . .
Polyurethane formation between adhesive isocyanate FerreiraP. et. al (2008); Jain, R. et. al (2019)

2 elasticity 1 tissue adhesion A toxicity

groups and amines present in tissue proteins

/N biocompatibility
(organic and aqueous solutions)

A swelling index

Mechanical interlocking due to adhesive fluid
lechanical interlocking due to adhesive fluids N degradation

absortion and further gel formation

Vernengo, A. et. al (2016); Jain, R. et.

Polyethylene glycol al (2019); Rathi, S. et. al (2019)

ya8uauls 3|1sua} pue uoisaype |

1 flexibility (long term use impairment)
. Sanders, L. et. al (2014); Vernengo, A.
s L . - 1 toxicity
Cyancacrylate Crosslinking or mechanical interlocking after M wettability 2 inflammatory reactions et. al (2016); Zhu, W. et. al (2018);
¥ i cyanoacrylates polymerization A setting time {, production cost i Jain, R. et. al (2019); Rathi, S. et. al

i icity
" carcinogenicity (2019); Pandey, N. et. al (2020)

Recent developments of synthetic adhesives for internal applications have focused on
polyethylene glycol and polyurethanes due to the potential risks for infection and cytotoxicity
reported for cyanoacrylates (Jackson, 2001; Sanders and Nagatomi, 2014). Biocompatibility,
degradability, and tunable mechanical properties are some of their attractive features
(Modjarrad and Ebnesajjad, 2013; Sanders and Nagatomi, 2014). A common disadvantage is
significant post-polymerization swelling, which can potentially cause compression on

surrounding tissues or nerves (Quan et al., 2019). Consequently, their use is mainly restricted
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to topical applications, creating the need to look for more biocompatible alternatives, such as
natural bioadhesives.

1.1.2. Natural adhesives

Natural adhesives are obtained from biological constituents, being classified as
protein-based bioadhesives like collagen and its derivatives, fibrin, gelatin and albumin and
polysaccharide-based bioadhesives like chitosan and starch (Zhu et al., 2018; Jain and
Wairkar, 2019; Rathi et al., 2019; Ge and Chen, 2020). The majority of these biopolymers
mimic the mechanism of blood clotting, either being used directly or in combination with a
cross-linking agent that forms covalent bonds with the tissue surface.

Being biodegradable, non-immunogenic and effective in physiological conditions,
these types of adhesives can work over a wide range of temperatures, in different
environments and under changing physicochemical conditions. Nevertheless, they have a
high risk of diseases transmission due to possible contaminations of the blood derivatives
present in the products and low tensile strength (Table 2) (Jackson, 2001; Ferreira et al., 2008;
Sanders and Nagatomi, 2014; Jain and Wairkar, 2019; Rathi et al., 2019). Both fibrin and
gelatin use thrombin pooled from human or bovine blood as cross-linking agent, risking the
transmission of bloodborne pathogens and viruses, while albumin has been associated with
tissue embolism and pseudoaneurysm (Spotnitz and Burks, 2008; Jain and Wairkar, 2019).
Gelatin crosslinking can also be achieved with aldehydes and photochemical or enzymatic
reactions (Vernengo, 2016; O’'Rorke et al., 2017; Jain and Wairkar, 2019). Regarding
collagen-based bioadhesives, their medical application is limited due to a swelling effecting
resulting in tissue compression. Chitosan, due to its poor water solubility, hasn’t been

commercialized to a larger extent.

Table 2 - Natural based adhesives main characteristics | The adhesion mechanism and subsequent
advantages and disadvantages are summarized for fibrin (a non-globular protein polymerized due to fibrinogen
cleavage), collagen (an ECM structural protein) gelatin (derived from collagen hydrolysis), albumin (a globular

protein) and chitosan (a polysaccharide composed by glucosamine - acetyl and deacetyl units.

Adhesion mechanisms Advantages Disadvantages References
Fibrin crosslinking by thrombin-catalysed /N risk of blood diseases transmission \A\’;'::IIE’J';A’('Z%EZ)S)
Fibrin cleavage of fibrinogen into fibrin, further I biocompatibility { mechanical strength and adhesion Jain Ry:et ;I (2019)
polymerized forming insoluble clots (wet environment) -

Rathi, S. et al (2019)

Crosslinking by coagulation pathway
activation due to blood and coagulation 1 biocompatibility bioadhesive swelling due to tissue
products adsorbed into the applied collagen { risk of diseases transmission compression
fibers
Gelatin crosslinking by thrombin-catalysed

Spotnitz, W. (2008)
Jain, R. et al (2019)
Rathi, S. et al (2019)

Collagen

In situ gel formation Jain, R. et al (2019
Gelatin chemical gelation of the in situ gel formed . & - /" risk of blood diseases transmission a ( )
. N biocompatibility Rathi, S. et al (2019)
upon hydratation
Albumin Tissue crosslinking, forming a mechanical seal " adhesion strength associated to embolism and Xu, K. et al (2017)
independent of the blood coagulation process 1 biocompatibility pseudoaneurysm Rathi, S. et al (2019)

Adhesive/tissue electrostatic atraction, due to
Chitosan bond between a chitosan amino group and
collagen tissue

1 biodegradability

water solubilit Jain, R. et al (2019
1 biocompatibility v ¥ ( )
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Since fibrin and other extracellular matrix (ECM) components-based products are
mostly derived from mammalian tissues, they have limited availability and higher production
costs than synthetic ones (Modjarrad and Ebnesajjad, 2013; Sanders and Nagatomi, 2014).

1.1.3. Biomimetic adhesives

In nature, organisms have developed a diversified pool of survival strategies, based
on mechanical (e.g. hooks, suckers or friction devices) or chemical principles (e.g adhesives).
Biological adhesives present several advantages compared with other attachment systems
as i) being able to bind surfaces with various chemistry and roughness ii) joining dissimilar
materials and iii) improving stress distribution in the joint (Hennebert et al., 2015).

Due to these attractive features, basic science research has been elucidating animals’
highly-evolved adhesion mechanisms to incorporate these chemical and physical strategies
into medical adhesives, also known as biomimetic adhesives (Favi et al., 2012; Balkenende
et al., 2019).

Currently, the majority of the engineered adhesives in the market exploit
tissue/adhesive non-specific interactions (e.g van der Waals). Nonetheless, these adhesive
interactions are dramatically weakened in the presence of the high dielectric and ionic strength
of physiological fluids (Lee et al., 2011; Favi et al., 2012; Zhu et al., 2018; Guo et al., 2020).
To overcome these limitations, marine adhesion is assuming increasing importance in
providing model systems for mimicking wet adhesion (Favi et al., 2012; Waite, 2017; Lengerer
et al., 2018; Balkenende et al., 2019; Almeida et al., 2020). Due to the different factors
impacting marine adhesives composition and functioning (e.g evolutionary background,
species biology and environmental constraints), the merge of these strategies into medical
adhesives offers a tremendous opportunity to address unmet clinical challenges.

Mussels’ permanent adhesion is arguably the most well-studied and emulated marine
adhesive system (Waite, 2017; Balkenende et al., 2019). Its adhesive strategy is mediated by
Dopa-mediated interfacial bonding, a catecholic amino acid, L-3,4-dihydroxyphenylalanine
(Dopa), present in mussel adhesive proteins (MAP’s) secreted during the adhesion process
(Waite, 2017; Pandey et al., 2020; Guo et al., 2020). The combination of these catecholic
moieties and diverse synthetic and natural polymers has inspired biomimetic adhesives with
greater biocompatibility and adhesion strength, comparing with synthetic and natural
adhesives (Favi et al., 2012; Pandey et al., 2020). However, catecholic groups generally suffer
from oxidation in neutral and basic conditions, which significantly undermines adhesion
strength, limiting their practical applications. Thus, the control of catechol redox chemistry is
necessary for the modulation and optimization of Dopa-based adhesive properties. While
mussels deliberately control the redox environment of the adhesive pad, regulating the inner
adhesion and cohesion of the secreted proteins, we still lack a complete understanding of the

mechanisms involved in this process. As such, achieving such redox balance in the catechol-
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functionalized polymeric systems is still a tough problem and needs further investigation.
Currently, mussel inspired adhesives do not have the ability to control the oxidation of Dopa
or catecholic side groups grafted on polymers backbone, making these groups susceptible to
uncontrollable oxidation and thus limiting their adhesiveness.

Up to now, the development of mussel-mimetic adhesives has generally focused on
the catechol chemistry, but the biological system is far more complex. In natural MAP’s, other
amino acids residues (e.g cationic, anionic, hydrophobic and thiol groups) also contribute to
the strong interfacial binding of mussels to a variety of surfaces, by maintaining a balance of
different interactions. The synergetic effect between catecholic and cationic moieties in the
mussel adhesion system awaits further investigation. Having this in consideration, despite the
possible different applications, as tissue engineering, cellular engineering, drug delivery and
surgical glues, this type of adhesives still has many drawbacks. No mussel-inspired
bioadhesive has been approved by the FDA or is reported in clinical trials.

Other adhesives have gained increased interest in view of biomimetics as they have
distinctive characteristics from those found in mussel adhesives or, being similar, can fill in the
understanding of adhesive processes. The type of adhesion (e.g. permanent or reversible) is
also relevant for the type of the developed adhesive and their biomedical applications.

Since the existent synthetic homologs insufficiently mimic the underwater properties
of natural glues, a deeper understanding of the biological complexity of the bioadhesive
composition and deposition is crucial in the preparation of the next generation of biomimetic

adhesives.

1.2. Marine adhesion

Biological adhesion is a prerequisite for many organisms to accomplish critical tasks
of life. Adhesion-related morphology, behavior and secretions are thus involved in a diverse
array of ecological processes including, but not limited to, attachment to surfaces, locomotion,
prey capture, building and defense (Clarke et al., 2020). Among the marine organisms that
produce bioadhesive to attach permanently (e.g. mussels and barnacles) or reversibly (e.g.
most echinoderms). Echinodermata have progressively gained relevance in adhesion studies,
since most species of this phylum produce reversible adhesive secretions (Flammang, 2016;
Lengerer et al., 2018; Wunderer et al., 2019; Federle and Labonte, 2019; Almeida et al.,
2020;).
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1.2.1. Echinoderms
There are five extant classes of echinoderms: Crinoidea (sea lilies and feather stars),
Ophiuroidea (basket star), Asteroidea (sea stars), Echinoidea (sea urchins) and Holothuroidea

(sea cucumbers) (Figure 1).

Figure 1 — Representative species of the five extant classes of echinoderms | a. Class Ophiuroidea, species
Gorgonocephalus caputmedusae (common name: basket star). Only the larvae stage presents an external
pentamerous radial symmetry, being the adult stage characterized by a bilateral symmetry. b. Class Crinoidea,
species Comanthus bennetti (common name: feather star). Despite the pentameric pattern present in this class,
the five characteristic arms are subdivided. c. Class Asteroidea, species Pentaceraster cumingi (common name:
sea stars or starfish). d. Class Holothuroidea, specie Thelenota rubralineata (common name: sea cucumber). e -
g. Class Echinoidea, species Mespilia globulus, (e.) Microcyphus rousseaui (f.) and Heterocentrotus mammillatus
(g.) (common name: regular sea urchins) Adapted from National Geographic archive

The most striking characteristics of these groups are the pentamerous radial
symmetry, the endodermal calcareous skeleton and the water-vascular system, a unique
system of coelomic canals and surface appendages (Flammang, 2016; Zueva et al., 2018).
Regarding the pentameric pattern, this is visible both externally (e.g. five ambulacral and

interambulacral areas in sea urchins) and internally (e.g. five gonads).
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Figure 2 — Structural features of the Phylum Echinodermata | a — b. Sea urchin Strongylocentrotus purpuratus
external morphology. a. Strongylocentrotus purpuratus aboral view. In this species, the spines don’t show a specific
spatial distribution, being spread all around the sea urchin test. b. Lateral view of S. purpuratus skeletal morphology.
The skeleton, also known as test, consists of a number of plates, arranged in rows, also known as ambulacral zones
(white arrow) which alternate with interambulacral zones (black arrow). The ambulacra (areas where the tube feet
emerge through ambulacral pores) are outline in white. ¢. Representation of a sea urchin internal morphology
(lateral view). All the systems are represented in the scheme. The nervous system is formed by five radial nerve
cords, that innervate the tube feet, which converge to a ring (represented in blue). Reproductive system is formed
by five gonads (in purple), located under the interambulacral zones. Digestive system (in dark yellow) consists in a
coiled tube, joining the adoral mouth (facing the substrate) to the aboral anus. The ambulacral system, formed by
radial and lateral canals and a ring canal, depends on the action of the ambulacral fluid hydrostatic pressure,
regulated by ciliated pores in the madreporite plaque (white arrow). The madreporite functions as a pressure-
equalizing valve, responsible for controlling the fluid volume in the water vascular system. (Original artwork)

The adult echinoid nervous system comprises five radial nerve cords, joined at their
base, forming a ring surrounding the mouth (Figure 2 c.) (Burke et al., 2006; Franco et al.,
2011). Each segment of the radial nerve cords contains a layer of neurons, innervating the
external appendages (e.g. tube feet, spines and pedicellariae). This merge allows the tube
foot to perform controlled and synchronized movements in a nervous stimuli response.

The reproductive system contains five gonads, displayed under the interambulacra.
Each gonad has a single duct, opening in a genital plaque, as a gonopore. These five genital
plagues and a modified plaque (madreporite), all surrounding the anus, form the periproct.
These organisms are dioecious, with external fertilization.

The digestive system consists of a coiled tube, joining the adoral mouth to the aboral
anus. A powerful teeth apparatus known as the Aristotle’s lantern surrounds the mouth, being
used to scrape algae and other food from rocks and even, in some sea urchins, to excavate
hiding places in coral or rocks. The area comprising the mouth and Aristotle’s lantern is known
as peristome.

The ambulacral system, being a hydraulic system, depends on the action of the
ambulacral fluid hydrostatic pressure. The ring canal, surrounding the esophagus, distributes
the ambulacral fluid to the five radial canals (Figure 2 c.). These canals, underneath the
ambulacral zones, deliver the fluid to all tube feet. Each tube foot has a small muscular sac,
the ampulla, responsible for tube foot mobility. Tube foot can i) protract, resulting in the tube

foot extension, ii) flex, leading to tube foot bending and iii) retract, by the contraction of the
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tube foot longitudinal retractor muscle (see section 2.1.1. for further insights about tube foot
histology). To protract, ampulla muscles contract, forcing the ambulacral fluid into the tube
foot lumen, inducing gradual stretching of the adhesive organ. To retract, tube foot retractor
muscles contract, expelling the ambulacral fluid back into the ampulla. When there is a
differential contraction of these muscles, the tube foot bends to the more contracted side
(Flammang, 1995). The tube feet, also named as the external appendages of the water-
vascular system, are specialized organs responsible for the production of the adhesive
secretions.

Although tube feet are present in every extant echinoderm species, only those of

asteroids and regular sea urchins have been studied in detail in terms of adhesion.

1.2.1.1. Sea urchin tube foot morphology and structure

Tube feet have diversified into a variety of morphotypes (Flammang, 1995).
Nevertheless, despite tube feet highly variable shapes, the disc-ending morphotype is the
most interesting one in terms of adhesion (Flammang, 1995, 2016). For asteroids and regular
sea urchins, Santos el al. (2006) reported tenacity values (adhesive force per unit area) similar
to permanent adhesives (e.g. barnacles and mussels) (Waite, 2002; Holm et al., 2005;
Matranga, 2005; Santos et al., 2005b; Santos and Flammang, 2006, 2008). Both echinoderm
classes demonstrated superior tenacity values when compared with some bioadhesives
currently on the market (Supplementary Table 1).

Disc-ending tube foot, consist on an enlarged and flattened distal extremity (disc)
which makes contact with the substratum, and a proximal extensible cylinder (stem) that
connects the disc to the test (Figure 3 a.) (Santos et al., 2005b; Almeida et al., 2020; Simao
et al., 2020). Both the stem and the disc contain four tissue layers: an inner myomesothelium
surrounding the water-vascular lumen, a connective tissue layer, a nerve plexus and an outer
epidermis covered externally by a cuticle (Figure 3 b — c.) (Santos et al., 2005a, 2005b;
Hennebert et al., 2011; Flammang, 2016; Lengerer et al., 2018; Simao et al., 2020). This
histological structure is remarkably constant among Echinodermata tube feet, independently
of the morphotypes (Santos and Flammang, 2005; Hennebert, 2010). In sea urchins,
interspecific differences were described at the ultrastructural level (skeletal elements and
secretory granules), but no relationship could be established with tube foot adhesive strength
or the species habitat (Santos and Flammang, 2006, 2012).

At the level of the tube foot disc, the previously mentioned tissues are specialized for
strong attachment. Both the connective tissue layer and the nerve plexus are thickened, and
the epidermis is differentiated into a well-developed sensory-secretory epithelium. Externally,
the epidermis is covered by a glycocalyx, the cuticle (also known as the “fuzzy coat”) (Ameye
et al. 2000).

10
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Figure 3 - Morphology and structure of the sea urchin Paracentrotus lividus tube foot | a. SEM photography
of a disc-ending tube foot. b. Masson’s trichrome staining of a disc-ending tube foot longitudinal section,
distinguishing the myomesothelium (in red) from connective tissue (in blue). Epidermis is stained in pink. c.
Schematic representation of a disc-ending tube foot longitudinal section, from a regular echinoid. | Abbreviations:
AE, adhesive epidermis; CD, central depression; CS, calcareous skeleton; CT, connective tissue; Cu, cuticle; D,
disc; L, lumen of the water-vascular system; M, myomesothelium; NE, non-adhesive epidermis; NP, nerve plexus;
NR, nervering; S, stem; SC, secretory cells; SEE, sensory-secretory epidermis. Adapted from Matranga et al. 2005,
Pjeta et al., 2020.

Myomesothelium comprises two main cell types, peritoneocytes and myocytes.
Myocytes, due to their contractile activity, form the retractor muscle of the tube foot, enabling
it to retract and extended. Peritoneocytes, monociliated cells situated apically in the
epithelium, have phagocytic activity and dedifferentiation capacity during muscle
regeneration. In an injury scenario, dedifferentiation is possible since both types of cells are
successive stages of specialization of a single cell type, the epithelial cell of coeloms (Garcia-
Arraras, 2010). Despite the absence of motor neuron-skeletal muscle junctions, studies have
indicated a neural control of the contractile tissue through the release and diffusion of
neurotransmitters (Flammang, 1995; Murray and Garcia-Arraras, 2004; Dolmatov et al., 2006;
Elphick et al., 2015; Diaz-Balzac and Abreu-Arbelo, 2010; Garcia-Arraras, 2010; Kim et al.,
2016).

Also under nervous system control, is the connective tissue, whose mechanical
properties (extensibility, tensile strength, stiffness and toughness) can undergo reversible
changes (Charlina et al., 2009; Ribeiro et al., 2011; Sugni et al., 2014; Motokawa and
Fuchigami 2015; Mo et al., 2016). Being a mutable connective tissue (MCT), it deforms during
tube foot protraction, flexion and retraction and it stiffs during attachment, allowing the tube
foot to resist the hydrodynamic forces. It's composed by collagen fibers of varying sizes,
conformation and spatial arrangement. Surrounding these collagen fibers, an elastomeric
network of fibrillin microfibrils conserves the collagen fibrils organization when the tube feet is
in motion. This allows the connective tissue to sustain the diameter of the tube foot,
maintaining the hydrostatic pressure in the disc (Flammang, 1995; Santos and Flammang,
2005; Santos et al., 2005b). At the disc level, the connective tissue forms a circular plate,
reinforcing the disc epidermis. It's known as terminal plate, having an asymmetric distribution

throughout the disc. It forms a thinner layer in the center of the foot, while it encloses a
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supportive calcified skeleton, in the periphery. This skeleton is made of two superposed
structures, a distal rosette and a proximal frame, arranged in a circle around the lumen (Santos
and Flammang, 2012). Both structures are connected to the muscular tissue previous
described.

In general, the disc epidermis consists of four cell categories: support cells, sensory
cells, non-ciliated adhesive secretory cells and ciliated de-adhesive secretory cells (Flammang
et al., 1994). These epidermal cells usually occur in clusters, being separated by connective
tissue protrusions (Figure 4 a.). The periphery of the disc, due to the absence of secretory
cells, is called non-adhesive epidermis, and has a predominantly sensory role.

Secretory cells are generally flask-shaped, formed by an enlarged cell body and a long
apical process that reaches the cuticle at the disc surface. In sea urchins, these processes
are arranged in a tuft at the cell apex. The secreted granules show interspecific variations,
depending only on the ultrastructure of their contents (Santos and Flammang, 2006).
According to Santos et al. (2006), two broad groups of adhesive granules may be recognized
in sea urchins. Bigger homogeneous electron-lucent granules (500 — 700 nm in diameter) in
the central part of the disc and smaller heterogenous electron-dense granules (300 - 500 nm
in diameter), in the remaining adhesive epidermis. So far only one species, Paracentrotus
lividus, was shown to possess two types of adhesive granules (Figure 4 b — c.). Other
investigated species possess only dense-cored adhesive granules. On the other hand, de-
adhesive cells are filled with small homogeneous electron-dense secretory granules whose

ultrastructure is remarkably constant in all the species (Santos and Flammang, 2006).

Figure 4 - Secretory granules ultrastructure in Paracentrotus lividus tube foot disc | a. SEM photography
of a disc-ending tube foot longitudinal section. The tuft adhesive secretory cells, contoured in red, contain large
spherical secretory granules in the cytoplasm. b. Adhesive granules close-up, in the central depression of the
disc adhesive epidermis. The granules present a homogeneous electron-lucent appearance. c¢. Adhesive
granules close-up, in the remaining adhesive epidermis of the disc. The granules present a heterogenous
electron-dense appearance, consisting in a very electron-dense small core, surrounded by an electron-lucent
ring-like. | Abbreviations: AC, adhesive secretory cell; AG, adhesive granules; CTP, connective tissue protrusion;
MV, microvillar-like projection; SC, support cells; Adapted from Santos and Flammang, 2006.

These two cell types form a duo-glandular adhesion system, in which the adhesive
secreted by the adhesive cells attaches the tube foot to the substrate and later on the tube

foot is released enzymatically by the de-adhesive secretion, leaving a circular adhesive
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footprint attached on the substrate (Kamino, 2008; Hennebert et al., 2011; Hennebert et al.,
2012; Lengerer et al., 2018; Lengerer and Ladurner, 2018; Simao et al., 2020; Almeida et al.,
2020).

1.2.1.2. Sea urchin adhesive footprint characterization

In both sea stars and sea urchins, the adhesive footprints have the same shape and
diameter as the distal surface of the tube foot discs. Light microscopy (LM), scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy
(AFM) studies have shown that the adhesive material in sea urchins always appears as a
foam-like or sponge-like material made up of a meshwork of entangled globular
nanostructures (Flammang, 2016; Hennebert et al., 2014). This structural organization results
from the secretory cell apex tuft arrangement.

Biochemical composition of the sea urchin footprints has also been characterized. The
first study on the sea urchin Paracentrotus lividus, by Santos and colleagues (2009), revealed
a significant amount of inorganic residues (45.5%) and a considerably lower amount of
proteins (6.4%), neutral sugars (1.2%) and lipids (2.5%).The obtained results were similar to
the biochemical composition of sea star Asterias rubens footprints, reported by Flammang et
al. (1998). Since the footprint material is highly insoluble, there was still a large portion (44.4%)
to be characterized. In this unknown fraction, Santos et al. (2009) proposed the existence of
amino sugars (e. g. N-acetyl-glucosamine, N-acetyl-galactosamine and sialic acid) and uronic
acid, as already described in the sea star A. rubens (Flammang et al., 1998).

The protein moiety of P. lividus footprint shows a clear predominance of six amino
acids, glycine (Gly), alanine (Ala), valine (Val), serine (Ser), threonine (Thr) and glutamate
(GlIx), that together constitute more than half of the total residues. It has also been reported to
contain a higher amount of proline (Pro) and cysteine (Cys) than average eukaryotic proteins.
These amino acids seem to have a crucial role in i) adhesion, since the identified charged and
polar amino acids can establish hydrogen and ionic bonding or electrostatic interactions with
different substratum and in ii) cohesion, where the cysteine residues could be involved in

intermolecular disulfide bonds reinforcing the cohesive strength of the adhesive.

1.2.1.3. Proteins identification and role in sea urchin adhesion

The protein fraction has been the subject of several studies, that pin-pointed adhesion-
related candidates. In P. lividus, proteome analysis of the tube foot disc and the adhesive
secretion indicated 328 non-redundant disc-specific proteins of which 163 were highly
overexpressed (Santos et al., 2009; Santos et al., 2013; Lebesgue et al., 2016). However,

since there were no protein sequencing database of P. lividus tube feet available at the time,
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the mass spectrometry-derived peptides were mapped to publicly available sea urchin protein
databases. This approach only allowed the identification of highly conserved proteins. The
only adhesion-specific protein detected by Santos and colleagues (2013) was P. lividus
Nectin, a glycoprotein previously reported to be involved in P. lividus embryos substrate
adhesion, during development (Matranga et al., 1992). This protein has 108.3 kDa, can form
dimers, presents phosphorylated and glycosylated isoforms and contains six discoidin-like
(DS) domains, that can bind to molecules bearing galactose and N-acetylglucosamine
residues (Matranga et al., 1992; Santos et al., 2013; Toubarro et al., 2016; Sungjo Park et al.,
2017). In adult P. lividus tube feet, two isoforms were reported (variant 1 and 2), differing in
15 amino acids. Both variants, possess the same structural motifs, being most likely the result
of nucleotide substitutions (SNPs) during DNA replication due, for example, to high gene
expression ( Santos et al., 2009; Costa et al., 2010; Toubarro et al., 2016; Lebesgue et al.,
2016). P. lividus Nectin is expressed in the disc adhesive epidermis, cuticle and adhesive
footprint (Toubarro et al., 2016). Our lab recently provided additional evidences regarding
Nectin adhesive and nano-mechanical properties, reporting the first successfully production
of a sea urchin biomimetic recombinant adhesive protein (Batista et al., 2020).

Pjeta and colleagues (2020) recently sequenced and annotated a P. lividus tube feet-
specific transcriptome. Combining transcriptomics, differential gene expression, re-mapping
of proteomic data and in situ hybridization (ISH), the authors pin-pointed 16 adhesion-related
transcripts (Nectin included), of which six had an orthologous sea star adhesion-related gene
(Table 3) (Lengerer et al. 2019).

Table 3 — Molecular features of selected adhesion candidate genes identified the sea urchin Paracentrotus
lividus | Abbreviations: A2M — alpha macroglobulin domain; C8 — cysteine-rich domain; DS — discoidin- like (F5/8
type C) domains; EGF — EGF-like calcium-binding domain; TIL — trypsin inhibitor-like; VWD — von Willebrand
domain.

Homology (identity) Domains Function

TR60905_c1_g1_il Nectin (99%) and Arub-27 (56.3%) DS Adhesive and/or cohesive protein

Alpha-tectorin (76.2%), Spf1 (50%), Arub-

TR63383_c2_g1_i1
—C2 8111 4 _10 and -25 (26.7%, 51.3% and 51.4%)

vWD, C8,CBD, TIL and EGF Adhesive and/or cohesive protein

TRA3200 c3 g1 i5 Cephalochordate hypothetical protein TIL Cohesive protein
-2 (62.5%) and Arub-11 (32.4%) P

TR57217_c2_g1_il Myeloperoxidase (68.4%) and Arub 39.9%)  --—-- Cohesive protein

) Neurogenic locus notch homologue Cir/Cls, Uegf, Bmpl (CUB)
TR63654_c4_g1_il protein (77%), Arub-1, -6, -20 and -24 and calcium-binding EGF T
(40.6%, 56%, 46% and 34.6%) &

-2- lobulin-like protein (68.2%
TR61622_c8_g1_iz & 2 macroglobulin-like protein (68.2%) A2M Adhesive protein
and Arub-13 (35.8%)
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These transcripts were identified as Nectin, alpha-tectorin, uncharacterized protein,
myeloperoxidase, neurogenic locus notch homologue protein and alpha-macroglobulin.

Bioinformatic analysis showed that these transcripts present several domains which
are recurrent in sea star and other marine adhesives (see 2.2. Glycosylation in non-
echinoderms for further information), supporting the adhesive role of these novel sea urchin
protein candidates.

Transcript TR60905_c1_g1_i1, showed a high similarity with Nectin (99% identity with
variant 2). Discoidin-like domains (DS), present in Nectin, have also been described as one
of the domains existent in Spf1, the first protein characterized in sea star Asterias rubens
(Hennebert et al., 2014). Up to now, DS and galactose-binding lectin domains are considered
the best candidates to promote interactions between Spf1 and the cuticular carbohydrate
residues (Baumgartner et al., 1998; Tateno 2010). This large multimodular protein is
conserved among distantly related sea stars, regardless of the habitat and tube feet
morphotype, suggesting Spf1 role in sea star footprint cohesion (Lengerer et al. 2019). As
such, Pjeta and colleagues (2020) hypothesized that Nectin is also a cohesive protein, binding
to free or conjugated galactose and N-acetylglucosamine residues within the adhesive
material and/or glycans at the disc cuticle. However, an adhesive role can’t be discarded,
since native Nectin is secreted into the adhesive footprint (Lebesgue et al., 2016) and
recombinant Nectin has shown to retain adhesiveness (Batista et al., 2019).

Galactose-binding lectin domains were found in the TR63383_c2_g1_i1 transcript. It
was identified as sea urchin alpha-tectorin, sharing partial sequence homologies with sea star
Sfp1. Von Willebrand factor type D domains (vWD), cysteine-rich domain (C8), galactose-
binding lectin domains (CTL), trypsin inhibitor-like cysteine rich domains (TIL) and EGF-like
calcium binding domains (EGF) were described for this transcript and seem to be recurrent in
other marine adhesive/cohesive proteins (e.g. sea stars and flatworms), being largely
associated with protein- and carbohydrate-binding functions (Wunderer et al. 2019).

Transcript TR43200_c3 _g1_i5 is homologous not only to a cephalochordate
hypothetical protein, but also to the sea star Arub-11. All of these proteins possess trypsin
inhibitor-like cysteine-rich domains (TIL) associated with footprint insolubility and cohesive
strength. These particular domains typically contain ten cysteine residues that form five
disulphide bonds, which is consistent with high cysteine levels reported for sea urchins and
sea stars adhesive secretions (2.6% and 3.2%, respectively) (Santos et al., 2009; Flammang,
2016).

Transcript TR57217_c2_g1_i1, is similar to sea urchin myeloperoxidase, as well as
sea star Arub-30. Peroxidases have been proposed to catalyze protein crosslinking within the

adhesive, contributing to its high cohesive strength (Pjeta et al., 2020).
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Transcript TR63654_c4 g1 i1, was identified as sea urchin neurogenic locus notch
homologue protein, but also shares some homology with sea star Arub-1, -6, -20 and -24.
These sea star transcripts are associated with calcium ion and protein binding abilities,
complement C1r/C1s, Uegf, Bmp1 (CUB) and calcium-binding EGF-like domains, which have
calcium ion and protein binding abilities.

Transcript TR61622_c8_ g1_i2 has homology with sea urchin alpha-2-macroglobulin-
like protein and sea star Arub-13. Alpha-2-macroglobulin-like proteins are usually extracellular
and alpha macroglobulin domains (A2M) have been previously identified in barnacle cyprid
larvae adhesive glycoproteins (SIPC and MULTIFUNCIn) (Dreanno et al. 2006; Ferrier et al.
2016).

The identification of several proteins involved in sea urchins adhesives is further
corroborated by the multi-proteinaceous nature of other reversible adhesives from sea stars
(Hennebert et al., 2014) and flatworms (Wunderer et al., 2019).

These six transcripts exhibited an identical ISH expression pattern consistent with the
location of the adhesive secretory cell bodies (Figure 5). All the transcripts were differentially

expressed in the discs and could be found in the disc and adhesive secretion proteome

datasets.
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Figure 5 - In situ hybridisation expression patterns of selected adhesion candidate transcripts previously
identified in the sea urchin Paracentrotus lividus, that have orthologous adhesion-related genes in the
sea star Asterias rubens | Whole mount in situ hybridization, showing a pronounced ring-shaped labelling of
the tube foot disc, consistent with the location of adhesive secretory cell bodies. Both the transcript (top part) and
the respective BLAST hit for each transcript (left part) are shown in each image. Orthologues, identified in the
sea star Asterias rubens, are shown on the bottom right of each image. Adapted from Pjeta et al. 2020
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1.2.1.4. Glycans identification and role in sea urchin adhesion

Compared with the previously described protein fraction, the glycosidic fraction has
received much less attention in P. lividus. Nevertheless, glycoproteins have been implicated
in aquatic adhesion processes in a variety of organisms (see 2.2. Glycosylation in other marine
organisms for further details).

The role of glycosylation in marine adhesives is still speculative, but has been
proposed to increase conformational stability, enhance protein binding ability, and make
proteins more resistant to degradation (Zhao et al., 2009; Roth et al., 2012; Wunderer et al.,
2019). Yet, its already known that post-translational modifications (PTM) are responsible for
the physico-chemical properties of the adhesive proteins and that among them, glycosylation
leads to a higher degree of structural complexity (Nilsson, 2003; Sagert et al., 2006; Gabius
et al., 2011; Hennebert et al., 2011; André et al., 2015). These molecular features directly
impact several important characteristics of marine adhesives to act as an effectively holdfast,
such as, the ability to display water from the substrate, spread, and rapidly form strong
adhesive bonds with the surface; as well as, the ability to cure and resist microbial degradation
(Kamino, 2008; Hennebert et al., 2011).

In a recent study, our lab focused in characterizing the glycans that compose sea
urchin adhesives, complementing the earlier quantification of footprint neutral sugars
performed by Santos and colleagues (2009). Using a battery of 22 lectins and three
complementary assays (e.g lectin histochemistry, enzyme-linked lectin assay and lectin
blotting), Simé&o et al. (2020) i) identified and localized glycans in P. lividus tube feet sections
and in the adhesive footprint, proving the involvement of glycans in sea urchins adhesion, ii)
quantified the glycan residues in the adhesive disc and ii) differentiated between free and
conjugated glycans, attesting the existence of glycoproteins in sea urchins adhesives.

Simao and colleagues (2020) showed that N-acetylglucosamine (GlcNac) is present
in P. lividus adhesive epidermis and footprint. It was identified in its simpler form by Griffonia
simplicifolia lectin Il (GSL Il) and in a specific chitobiose arrangement (a dimer of 3-1,4-linked
glucosamine units), by wheat germ agglutinin (WGA), Solanum tuberosum lectin (STL) and

Lycopersicon esculetum lectin (LEL) (see Table 4 for sugar specificities).
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Table 4 — Lectins successfully bond to glycan residues in adhesive epidermis and footprint of
Paracentrotus lividus | Glycans can bind covalently to different protein residues. While N-glycans attach to
asparagine (Asn) residues by a N-glycosidic bond, O-glycans are linked to serine (Ser) and threonine (Thr)
residues.

Lectin Sugar specificity Glycosylation Spatial localization
GSLII Griffonia simplicifolia lectin Il a-and B- N-acetylglucosamine adhesive epidermis
WGA wheat germ agglutinin chitobiose (up to two units) adhesive epiderms and cuticle
N-glycan (Asn
) N . glycan (Asn) adhesive epidermis and cuticle (more
STL Solanum tuberosum lectin chitobiose (up to three units) ) ) .
intense in the central zone of the disc)
LEL Lycopersicon esculetum lectin chitobiose (up to four units) ducts of adhesive cells (?)
. ) apex microvilosities and epidermal cells
SBA soybean agglutinin a- and B- N-acetylgalactosamine 0-glycan (Ser/Thr) P P

cytoplasm

Although, the above-mentioned lectins labelled specifically the adhesive epidermis,
LEL produced a much more specific labelling than WGA and STL, staining what seems to be
the adhesive granules inside the cell ducts, ending in apical tufts at the disc cuticle. LEL
specifically labelled the outer ring of spherical structures, most likely corresponding to
heterogeneous adhesive secretory granules previously described for P. lividus (see 2.1.1.
Tube feet morphology and structure). These results combined with lectin blots, indicate the
presence of a high molecular weight glycoprotein (> 180 kDa) with N-acetylglucosamine in the
form of chitobiose [GlcNacB(1,4)GIlcNac], most likely 4 units, in the outer rim of the more
abundant adhesive granules, as well as, in the less abundant homogenous adhesive granules.
Due to its specific localization and the presence in the adhesive footprint, Siméo et al. (2020)
proposed this glycoprotein as the main component of P. lividus adhesive secretion.

Besides N-acetylglucosamine, Soybean agglutinin (SBA) which targets N-
acetylgalactosamine, detected this glycan in the adhesive epidermis and in the footprint, being
conjugated with two glycoproteins (apparent molecular weight of 72 and 135 kDa). However,
its labelling seems to target microvilosities and the cytoplasm of abundant epidermal cells,
most likely support cells. Despite not directly involved in adhesion, these proteins can still
indirectly affect adhesion as shown in flatworms’ reversible adhesion (Wunderer et al., 2019).

These results added new information to the duo-glandular model initially proposed by
Flammang et al. (1995). It's now known that P. lividus adhesive secretions possesses
glycoproteins with N-glycans and O-glycans, more specifically a large glycoprotein with N-
acetylglucosamine oligomers and two smaller proteins with terminal N-acetylgalactosamine,
as hypothesized by Santos et al. (2009). These results are further supported by the proteomic
analysis performed by Lebesgue and colleagues (2016), where the authors reported the
presence of highly expressed asparaginase-like proteins in the adhesive disc (Table 4)

(Lebesgue et al., 2016). The later, are possible components of the de-adhesive secretion,

18



GENERAL INTRODUCTION

leading to the enzymatic detachment of the tube foot through deglycosylation of adhesive
glycoproteins.

The model proposed by Sim&o and colleagues (2020) is in agreement with findings in
sea stars. Hennebert and colleagues (2011) demonstrated the involvement of two large
glycoproteins (210 and 290 kDa), containing N-acetylgalactosamine, N-acetylglucosamine,
galactose, fucose and sialic acid.

Sugar moieties are present in the adhesive secretory cells and/or adhesive material of

other reversibly attaching aquatic animals, not being restricted to Echinodermata.

1.2.2. Glycosylation in non-echinoderms adhesion

Besides Echinodermata, glycosylation has been reported in other aquatic organisms
such as Platyhelminthes, Cnidaria, Mollusca and Chordata, being described as a high
prevalent post-translational modification in aquatic adhesives, either permanent or reversible
(Lengerer et al., 2006, 2014; Wunderer et al., 2019; Zeng et al., 2019).

Recent studies have identified adhesion-related transcripts and two large proteins
involved in the flatworm Macrostomum lignano reversible adhesion (Pennati and Rothbacher
2014; Wasik et al., 2015; Lengerer et al., 2016; Lengerer et al., 2018; Wunderer et al., 2019;
Wudarski et al., 2020). Mlig-ap1 and Mlig-ap2 were the first adhesive proteins described in
this platyhelminth. Upon attachment, these proteins exhibit distinct spatial distribution within
the footprint. While Mlig-ap2 is deposited in a ring-like organization at the outer margin, Mlig-
ap1 accumulates mostly in the center of the adhesive granules. Knockdown experiments
showed that despite the importance of both proteins in M. lignano adhesion, Mlig-ap1 alone
is insufficient for attachment (Wunderer et al., 2019). Using double labeling (antibody and
lectin staining) and pull-down experiments, Wunderer and colleagues (2019) showed that
peanut agglutinin-lectin (PNA) that specifically targets Gal-p (1,3)-GalNac, is part of the Mlig-
ap2.(Lengerer et al. 2016) The reversible adhesion of a M. lignano phylogenetically distant
species, Minona ileanae, was analyzed by Pjeta and colleagues (2019). Know-down
experiments showed that from the eight adhesion-related transcripts found in this study, seven
(M. ileanae adhesive protein 1-4 and M. ileanae adhesive organ protein 1) had a clear
influence in the attachment phenotype, affecting adhesive granule morphology. A comparative
analysis showed that Mile-ap1 has a high similarity to Mlig-ap1 and Spf1, due to the presence
of protein domains such as C-type lectin domain (CTL), von Willebrand domain (vWD), C8-
domain (C8) and trypsin inhibitor-like domain (TIL). In addition, multiple tandem repeats of
calcium-dependent epidermal growth factor-like domains (EGF) were present, a characteristic
of the fibrillin protein family. As for Mile-ap2, it could also be glycosylated as Mlig-ap2, since it
contains a protein repeat unit with numerous threonine residues. However, since lectin

labeling wasn’t possible in adhesive glands whole mounts, the authors only demonstrated that
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glucose/N-acetylglucosamine (labelled by PSA - Pisum sativum agglutinin, GSL Il - Griffonia
(Bandeirara) simplicifolia 1I) and galactose/N-acetylgalactosamine (PHA-E - Phaseolus
vulgaris erythroagglutinin-lectin, PHA-L - Phaseolus vulgaris leucoagglutinin, PNA - Peanut
agglutinin-lectin, GSL | - Griffonia (Bandeirara) simplicifolia |, ECL - Erythrina cristagalli lectin,
VVL - Vicia villosa lectin, DBA - Dolichos biflorus agglutinin) are present in M. ileanae footprint
(Pjeta et al. 2019).

Galactosyl (B-1,3) N-acetylgalactosamine residues are also involved in anemone
Exaiptasia pallida protein based-adhesion (Clarke et al.,2020). These glycosylated proteins
are present in the footprint meshwork and in the secretory cells of E. pallida pedal disc. Wheat
germ agglutinin (WGA) which targets N-acetylglucosamine (GlcNac) was also reported in the
footprint, due to putative mucocytes secretions. These results are supported by a prior
transcriptomic study, where the upregulated genes described in the pedal disc indicate that
glycosylation may be prevalent in the temporary adhesion of this species (Davey et al., 2019).

Consistently with the platyhelminths (M. lignano and M. ileanae) and anemones (E.
pallida) findings, PNA has also been reported as a novel adhesion marker in the tunicate
Ciona intestinalis larvae. Zeng and colleagues (2019) results have demonstrated the presence
of galactosyl (8-1,3) N-acetylgalactosamine residues both in the adhesive secretory cells (i.e.
collocytes) and in the proteinaceous footprint (Feoktistova et al., 2016; Zeng et al., 2019). In
addition, this recent study, showed that besides the O-glycans already detected with PNA,
sialylated N-glycans with terminal galactoses and N-acetylglucosamines are also part of the
C. intestinalis adhesion.

Despite the well-known role of the amino acid 3,4-dihydroxyphenyl-_-alanine (Dopa)
in Mytilus edulis, recent studies have shown a possible involvement of glycoproteins in the
establishment of mussels’ adhesion (Patil et al., 2018). In Perna viridis, it was reported a P.
viridis foot protein-1 (Pvfp-1), with a marked quinone-like redox cycling activity with a low Dopa
content and with a significant glycan content, particularly mannose, N-acetylglucosamine and
fucose (Zhao et al., 2009). Pvfp-1 adhesive and cohesive properties are accomplish by
tryptophan  glycosylation and hydroxylation (C?-mannosyl-7-hydroxytryptophan — Man7-
OHTrp) (Hwang et al., 2012; Park et al., 2019). Mussel foot protein 1 (Mfps 1), a Pvfp-1
analogous identified in Mytilus edulis, shares conservative structural elements (e.g Pro, Tyr,
Dopa and Lys residues) with Pvfp-1, but did not shown similar glycosylation (Ohkawa et al.,
2004; Sagert et al., 2006; Hwang et al., 2012; Lu et al., 2013; Park et al., 2019). Therefore,
the role of glycans in Pvfp-1 adhesion is still speculative. It could be linked to protein
stabilization, and/or intra and intermolecular hydrogen bonding (Toubarro et al., 2016;
Shcherbakova et al., 2019).
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From our knowledge, the already mentioned organisms use either reversible (e.g sea
stars, sea urchins, barnacle larvae and flatworms) or permanent adhesion (e.g anemones,
mussels and adult barnacles). A sub-type of reversible adhesion was identified in the limpet
Lottia limatula, with a repeated transition between long-term adhesion and locomotive
adhesion depending on the tide, also known as transitory adhesion. These limpets secrete
two types of mucus, a non-adhesive and an adhesive mucus. The later, containing a higher
protein and glycan content. a-Mannose and/or a-Fucose linked to N-acetylglucosamine in a
chitobiose arrangement was reported in L. limatula adhesive secretion by Kang and
colleagues (2020). The authors also identified novel adhesive proteins in limpets.
Bioinformatic analysis demonstrated the existence of protein domains previous described for
sea urchins, sea stars and flatworms, as von Willebrand factor type D, epidermal growth
factors, scavenger receptor cysteine-rich C-type lectin-like, alpha-macroglobulin domain and
galactose binding domain. Some proteins were homologous to fibrillin, alpha-tectorin, Mlig-
ap1 and Spf1. All transcripts had glycosylation predicted sites and expression patterns
compatible with location of secretory adhesive cells.

All these studies show that many known and/or candidate adhesive proteins are
glycosylated or contain predicted glycosylation residues in their sequences (Figure 6).
Although glycans role is still speculative, the growing availability of adhesive organs-specific
databases (e.g. sea urchin tube feet transcriptome) conjugated with lectin assays and mass
spectrometry can pave the way for a better understanding of the importance of glycoproteins

in marine adhesion.
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Figure 6 - Heat map of lectin-based glycan detection in temporary wet adhesives. | The rows display the
lectins and the columns represent the tested organisms/techniques/type of samples. Very strong labelling is
displayed in bright green, strong labelling in green, weak labelling in dark green and no labelling in dark red. The
lectins that weren’t tested are displayed in black. Abbreviations: ConA, Concavaline A; DBA, Dolichos biflorus
agglutinin; DSL, Datura stramonium lectin; ECL, Erythrina cristagalli lectin; ELLA, enzyme-linked lectin assay; GSL
I/ll, Griffonia simplicifolia lectin I/1l, LB, lectin blotting; LCA, Lens culinaris agglutinin; LEL, Lycopersicon esculentum
lectin; LH, lectin histochemistry; LPD, lectin pull down; PHA-E/-L, Phaseolus vulgaris erythro / leuco agglutinin;
MAL II, Maackia amurensis lectin Il; PNA, Peanut agglutinin; PSA, Pisum sativum agglutinin; RCA, Ricinus
communis agglutinin I; SBA Soybean agglutinin; SUA/SNA, Sambucus nigra agglutinin; STL, Solanum tuberosum
lectin; UEA |, Ulex europaeus agglutinin |; SWGA, Succinylated wheat germ agglutinin; VVA, Vicia villosa agglutinin;
WGA, Wheat germ agglutinin. Adapted from Sim&o et al., 2020
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Bioadhesion is vital for many aquatic organisms, since it is through the production of
adhesive secretions that these animals attach, move and feed in their habitats (Flammang et
al., 2016). Currently, the best studied bioadhesives are from organisms that attach
permanently (mussels, barnacles) or transitorily (limpets), while little is still known about
reversible adhesion (sea urchins, sea stars).

In a recent publication, our lab focused on the characterization of the glycidic fraction
of sea urchin adhesives (Simao et al., 2020), complementing Santos and colleagues (2009)
results indicating the presence of neutral sugars in P. lividus adhesive material. Simao et al.
(2020) i) identified and localized glycans in P. lividus tube feet sections and in the adhesive
footprints, proving the involvement of glycans in sea urchins’ adhesion, ii) quantified the glycan
residues in the adhesive disc and ii) differentiated between free and conjugated glycans,
attesting the existence of glycoproteins in sea urchins’ adhesives. Simao et al. (2020) showed
that glycoproteins with N-acetylglucosamine (GlcNac) residues are present in P. lividus
adhesive epidermis and footprint. This glycan was identified in its simpler form by Griffonia
simplicifolia lectin Il (GSL Il) and in a specific chitobiose arrangement (a dimer of 3-1,4-linked
glucosamine units), by wheat germ agglutinin (WGA), Solanum tuberosum lectin (STL) and
Lycopersicon esculetum lectin (LEL). LEL staining was particularly interesting since it labelled
what seems to be secretory granules, packed within the ducts of adhesive cells at the level of
the disc cuticle.

Considering the above-mentioned data, the main aim of this thesis was to further
investigate these P. lividus candidate adhesive/cohesive glycoproteins through:

- Lectin pulldowns, taking advantage of their specificities for different conjugated glycans;

- ldentification of the pull-down glycoproteins by mass-spectrometry, making use of the
recently published transcriptome specific for P. lividus adhesive organs;

- Select within the identified glycoproteins those that were previously pinpointed as putative
adhesive candidates and perform an in silico analysis using bioinformatic tools to perform

a detailed biochemical characterization.
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3.1. Glycoproteins extraction and enrichment

Glycans have been proposed to confer high resistance and cohesion to reversible
adhesives (Flammang, 1995; Smith, 2016).

Glycoproteins bearing N-acetylglucosamine (GlcNacp(1,4)GIcNac) and N-
acetylgalactosamine (GalNAc) residues have been shown to be specifically expressed in P.
lividus tube foot adhesive epidermis, being secreted into the adhesive footprint (Simao et al.,
2020), being thus hypothesised as important for sea urchin reversible adhesion.

The first aim of this project was to successfully extract and produce enriched fractions

of the above-mentioned glycoproteins using lectin pull-down experiments.

3.1.1. Glycoproteins extraction and enrichment
Sea urchins from the species Paracentrotus lividus (Lamarck, 1816) were collect

during low tide at the west coast of Portugal, in Ericeira (Figure 7).

[ 259

Figure 7 — Paracentrotus lividus natural and artificial environment | a. Praia do Matadouro, Ericeira, during
low tide. P. lividus were collected in tide pools, delimited with a white dashed, and in the shore line. b. Sea urchins
shallow depressions in coralline seaweeds to withstand the shore line hydrodynamics. ¢. Sea urchins collection
and transportation. d. Representation of P. lividus artificial environment, recreated in laboratory. Aquarium
housing sea stars, sea urchins, mussels and anemones. Sea stars were separated, being placed in the left basket,
to avoid sea urchins’ predation. Sea urchins were maintained in the right basket, without substrate, to prevent
tube feet damage during detachment and handling.

Animals were maintained in an aquarium, under a controlled environment (Figure 7
d.). Temperature, salinity and pH were bi-weekly assessed. Nitrogen cycle was evaluated
trough ammonia, nitrate and nitrite levels. Animals were weekly feed with corn and seaweeds.
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3.1.2. Sample preparation

Oral tube feet, specialized for reversible adhesion, were collected from different
animals to minimize individual variability.

Animals were placed upside down on small glass aquariums filled with artificial
seawater. This induces tube feet stretching, facilitating their collection (Figure 8 a.).

Samples intended for protein extracts, were dissected to separate the adhesive discs
from non-adhesive stems. Subsequently, samples were immediately stored at — 20°C (Figure
8c.).

a. i Oral surface b.

lcm

mm

Figure 8 - Location and dissection of Paracentrotus lividus oral tube feet | a. Sea urchin oral surface,
delimited with a white circumference. b. Dissected oral tube feet. The adhesive part of the tube foot, the disc,
is identified with a white arrow. The non-adhesive part of the tube foot, the stem, is identified with a black arrow.
c. Dissected oral tube feet, used for protein extracts, after tissue separation. Disc posterior view, identified with
a grey arrow, indicates the region where the tissue was sectioned in order to separate adhesive discs from non-
adhesive stems. Original artwork

3.1.3. Protein extracts

Proteins extracts were obtained combining (i) chemical (RIPA buffer) and (ii)
mechanical (ball mill) lysis, to achieve a better protein extraction yield and reproducibility.

Prior to mechanical lysis, chemical tissue lysis was performed adding RIPA buffer to
dissected discs (150 mM CacCl, 1.0% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate,
0.1% (v/iv) SDS, 50 mM Tris; pH 8.0), in a 1:2 proportion, which results in a successful
disruption of cellular membranes. A cocktail of protease inhibitors (1:10 000) was added to
this buffer to minimize proteolytic degradation of tube feet disc proteins. To proceed to
mechanical lysis, samples containing 8 steel beads each (2 mm diameter, Retsch) were
placed in a previously chilled Teflon chambers. The chambers were then placed in a ball mill
(MM 400 Retsch) and set to 30 Hz for 10 minutes (Figure 9). The resulting homogenate was
centrifuge at 14000 rpm (Hermle Z 323 K), for 10 minutes at 4°C. The supernatant was

recovered and preserved at — 20°C.
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Assembly
Steel beads |:
* Disassembly
Samples [ ﬁ 7 Mechanical lysis V-
Teflon sample > N ‘/' - »
chambers Q O

Figure 9 - Schematic representation of protein extracts procedure | Assembly. Samples in RIPA buffer and
tubes containing eight steel balls each (2 mm diameter) were place in previously chilled Teflon sample chambers.
Mechanical lysis. Teflon chambers were placed in a ball mill for 10 minutes at 30Hz. Teflon chambers movement
is identified with black arrows. Disassembly. After mechanical lysis, samples, consisting of proteins suspended
in RIPA buffer were recovered from the Teflon chambers and centrifuged. The pellet formed by disrupted tissue
was discarded. (Original artwork)

3.1.4. Protein quantification

Protein quantification was assessed using Bradford assay. This colorimetric protein
assay is based on the correlation between the absorbance at 595 nm and the amount of dye
bounded to proteins in a sample, using a standard protein curve as reference (Noble and
Bailey 2009).

The standard curve consisted of increasing amounts of Bovine serum albumin (BSA,
Sigma; 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 pg/ul).

A 10 pl volume of each standard concentration and sample was add to a 96 wells
microplate (Brand). Triplicates assured a mean absorbance value, minimizing the effect of
possible micro pipetting errors. A 20 minutes incubation at room temperature (RT) was
performed after the addiction of 200 ul Bradford reagent (Protein Assay Dye Reagent
Concentrate, Bio-Rad) to each well used in the quantification. Absorbance at 595 nm was
measure in a spectrophotometer (Bio Tek Synergy HT) after shacking the plate for 20
seconds.

Sample protein concentration was calculated using the standard curve as reference
and the absorbance of the samples itself. For absorbance values outside the standard curve,
it was not possible to calculate protein concentration. As such, samples with protein
concentrations (i) higher than 0.5 ug/ul were diluted and (ii) lower than 0.05 ug/ul were

concentrated (Figure 10).
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Standard curve
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[sample] < 0.05 pg/pl 0.05 < [sample] < 0.5 pg/ul 0.05 < [sample]
Figure 10 - Schematic representation of Bradford colorimetric protein assay | On top, coloured triplicates

obtained with increasing concentrations of the reference protein BSA. At the bottom, examples of sampile triplicates

protein concentrations outside the standard curve that had to be either concentrated or diluted to fit the assay.
Original artwork

3.1.5. Glycoproteins enrichment

Glycoproteins-enriched fractions were obtained through lectin pull-downs, based on
the reversible and highly selective binding of lectins to mono- and oligosaccharides. As such,
agarose beads bounded to 4 different lectins were used. Due to those lectin-glycan
interactions, glycosylated and non-glycosylated proteins (or glycosylated proteins not
recognized by the lectin) could be separated in different fractions. After selective binding to a
given lectin, glycoproteins were dissociated from the lectin-bounded agarose beads using a
mixture of competing sugars. Elution efficiency was assessed by boiling the remaining
agarose beads.

Lectins affinity resins (Vector laboratories), consisting of lectins bounded with agarose-
beads, had different binding capacities and substrates. (Table 5)

Table 5 — Lectin affinity resins binding capacity, detected mono- and oligosaccharides and eluting sugar
solution | Abbreviations: LEL - Lycopersicon esculetum (tomato) lectin, SBA - Soybean agglutinin, WGA - Wheat
germ agglutinin, GSLII - Griffonia (Bandeiraea) simplicifolia lectin 11, GlcNac — N-acetylglucosamine; GalNac — N-
acetylgalactosamine; NeuAc — sialic acid

Lectins' affinity resins GSLII WGA LEL SBA
Binding capacity > 4.0 mg/ml 7.0 mg/ml 2.69 mg/ml 4.4 mg/ml
Glycans detected GIcNAc GIcNAc, GalNAc, NeuAc GIcNAc, GalNAc

Eluting sugar solution N-acetlyglucosamine or Chitin-binding lectins Galactose- or GalNAc-

binding lectins

Lectin-bounded resins were equilibrated with 1 ml of TBS-T supplemented with ions
(20 mM Tris, 150 mM NaCl, 0.05% (v/v) Tween-20, 1 mM CaClz, 1 mM MnCl, pH 7.6) by
continuous inversion (using a tube rotator), 4 times for 10 minutes. To prevent the loss of
agarose beads, resins were centrifuged between washes at 8500 rpm, for 4 minutes at RT.
The supernatants were discarded. (Figure 11 a.)
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Equilibrated resins and samples were mix overnight at 4° C by continuous inversion
(Figure 11 b.). The mixture was then centrifuged at 8500 rpm, for 4 minutes at 4°C. The
supernatant, corresponding to the unbound proteins (UB), was recovered for later analysis
and preserved at -20°C. Lectin-bounded resins were then washed with 1 ml of TBS-T
supplemented with ions (20 mM Tris, 150 mM NaCl, 0.05% (v/v) Tween-20, 1 mM CacCly, 1
mM MnCl, pH 7.6) 4 times, for 10 minutes by continuous inversion. Between washes, the
mixture was centrifuged at 8500 rpm, for 4 minutes, at 4° C. The four supernatants,
corresponding to the four washing steps (W) were recovered and preserved at -20°C for later
analysis. Then, 200 ul of glycoprotein eluting solution (Vector laboratories, see Table 5) was
added to the mixture (Figure 11 c¢.) and incubated for 60 minutes, at RT, with continuous
inversion. The solution was then centrifuged at 8500 rpm, for 4 minutes, at 4°C and the
supernatant, corresponding to the eluted proteins (E), was recovered and stored at -20°C
until later analysis. A second elution step was performed, as above described, and pooled

with the first eluted proteins (E) fraction.

fo Glycosylated \4,‘08‘08 Non-glycosylated protein or glycosylated proteins not recognized by the
lectin
Elution solution (mono- and @ Agarosebeads Lectin
a. b. c. d.
Lectins’ affinity resins Unbound proteins Eluted proteins Non-eluted proteins

.‘ \{‘?‘?"4{ ....’3" ’.0‘.

vw 3 %3 P *zoosv’. o %, °
o © Lo @ ,fo @ |ce@ o 00; .9
® v, 2 o $ ot @ *e o

Figure 11 - Schematic representation of the glycoproteins pulldown procedure using lectin-bounded
agarose beads | a. Lectins affinity resins formed by agarose beads (black) bound with specific lectins (grey). b.
Lectin-coated agarose beads were incubated with tube feet disc protein extracts. Due to specific glycan/lectin
interaction, only some glycosylated proteins (orange) bind to lectins, while non-glycosylated proteins or
glycosylated proteins not recognized by the lectin (black, red and yellow figure) remain in the supernatant after
centrifugation - Unbound proteins fraction. c¢. Glycoproteins are eluted using a solution rich in mono- and
oligosaccharides (pink circles). Due to glycan competition, glycoprotein/lectin interaction is affected, glycoprotein
dissociate from the lectin-bounded agarose beads and remain in the supernatant after centrifugation - Eluted
proteins fraction. d. Elution efficiency was assessed by boiling the agarose beads in order to release glycans and
glycoproteins that were not eluted in c. - Non-eluted proteins fraction. Original artwork

All the samples, except for non-eluted proteins (NE), were concentrated by
precipitation (see section 3.1.6). Non-eluted fraction (NE) was only obtained later because
it required boiling of the agarose beads with SDS-PAGE sample buffer (see section 3.1.7).

Results specificity was assessed by inhibited lectin-bounded agarose beads assays.
Prior to overnight incubation, equilibrated resins were inhibited with a double elution step (400

ul x2 of eluting sugar solution) by inversion, during 2 hours at RT.
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3.1.6. Protein precipitation

Protein precipitation was accomplished with ftrichloroacetic acid. This non-
biocompatible precipitation method is based on solvation layer disruption by polar residues
protonation. This interference in the hydrogen bonds between proteins hydrophobic surface
and water molecules leads to protein insolubility (Sheehan, 2000; Koontz, 2014; Nerson and
Cox, 2016). To minimize the risk of peptide bonds acid hydrolysis, residual acid is washed
with acetone maintained at -20° C (Sheehan, 2000).

The precipitation solution (10% (w/v) TCA, 0.07% (v/v) B-mercaptoethanol in water)
was added to unbound, washing and eluted fractions recovered during glycoproteins pull-
downs. A 5 minutes vortex was performed to each supernatant, to mix. All samples were
precipitated during 90 minutes at 4° C. Then, samples were centrifuged at 1000 rpm, during
20 minutes at 4°C. All supernatants were discarded. Pellets were washed with 1 ml of cold
washing solution (0.07% (v/v) p-mercaptoethanol in acetone). Each precipitated
sample/washing solution was vortex for 5 minutes to mix. After mixture, samples were
centrifuge at 10000 rpm, during 20 minutes at 4° C. A second and third wash were performed

as described above. Pellets were dried overnight at 4° C to allow acetone evaporation.

3.1.7. Protein separation by gel electrophoresis (SDS-PAGE)

Protein separation was accomplished by Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis, also known as SDS-PAGE. This protein separation technique is based on
proteins differential rates of migration, depending on their molecular weight, through a sieving
matrix under the influence of an applied electrical field. Protein resolving does not depend on
proteins native conformation due to the sodium dodecyl sulphate (SDS) added to the sample
and running buffers. This detergent is responsible for the (i) denaturation of secondary and
non-disulphide-linked tertiary structures, reducing proteins to their primary structure, (ii)
coating of the proteins with a uniform negative charge, which covers the intrinsic charges of
proteins R-groups and (iii) maintaining proteins linearized during the electrophoretic run
(Brunelle, 2014). As such, SDS negatively charged proteins migrate, based on their molecular
weight, to the positive anode.

Gel matrix was composed of an upper stacking gel at pH 6.8 and a lower resolving gel
at pH 8.8, both buffered by Tris-HCI and made of acrylamide (acrylamide/bis-acrylamide
37.5:1, NZYTech). Stacking gel had lower acrylamide percentage (3.5 or 4%) than resolving
(7.5 or 12.5%), allowing the proteins with different sizes to enter the resolving gel at the same

time.
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After casting, gels were placed inside an electrode assemble tank and afterwards,
inside a tank (Figure 12). Both chambers were filled with Running Buffer 1x (25 mM Tris, 192
mM glycine, 0.1% (v/v) SDS, pH 8.3).

Prior to electrophoresis, previously precipitated samples (see section 3.1.6) and the
remaining agarose beads, were mixed with sample buffer (62.5 mM Tris-HCI pH 6.8, 25%
(v/v) glycerol, 2% (viv) SDS, 5% (v/v) B-mercapthoetanol and 0.01% (w/v) bromophenol blue)
and boiled for 5 minutes at 96° C. Agarose beads required an extra 4 minutes centrifugation
at 8500 rpm to obtain the supernatant (non-eluted fraction - NE).

In each gel, wells were loaded with 30 ul of UB, W1, W2, W3, W4, E and NE fractions.
For posterior assessment of sample proteins molecular weight, 5 ul of molecular weight
markers (NZYBlue Protein marker, NZYTech) were added to each gel. (Figure 12).

The run was performed in a mini-PROTEAN Tetra System (Bio-Rad) at 50V for
maximum protein separation, increasing bands resolution. After SDS-PAGE, gels were either
(i) stained with Coomassie Brilliant Blue R.250, for protein visualization (see section 3.1.8) or
(i) transferred to a PVDF membrane to assess for the presence of glycoproteins by lectin-

blotting (see section 3.1.9).

Assembly

Acrylamide gel
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Sample resolving FUnnnnng
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Figure 12 - Schematic representation of Sodium dodecyl sulphated-polyacrylamide gel electrophoresis
(SDS-PAGE) | Assembly. Gels casted in glass plates were sealed in an electrode assemble tank which was then
placed in a tank. Sample loading. 5 pl of molecular weight marker was added to the first well, followed by 30 pl of
each fraction in the subsequent wells. The whole assembly was covered with Running Buffer 1x. Run. Application
of an electrical field of 50 V, leading to proteins migration and separation, depending on their molecular weight.
Sample resolving. Negatively charged proteins migrated towards the positive anode. Different molecular weights
lead to differential migration. Acrylamide gel. Stacking gel, identified with a white arrow, allowed an evenly
entrance of proteins with different molecular weights in the resolving gel, identified with a black arrow. Proteins
migrate from the negative cathode (-) to the positive anode (+). Proteins with lower molecular weights migrated
faster to the positive anode. Original artwork

3.1.8. Coomassie Brilliant Blue R-250 staining
Protein visualization was accomplished using Coomassie Brilliant Blue R-250 staining.
In acidic conditions, the dye binds noncovalently to the amino and carboxyl protein groups

through electrostatic attraction. These complex formation leads to a stabilization of the dye,
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producing the blue colour (Goldring, 2018). The excess stain is eluted with solvent (Arndt et
al., 2012).

After SDS-PAGE, the gel was incubated overnight at RT under mild agitation with
staining solution (0.01% (w/v) Coomassie Brilliant Blue R-250, 40% (v/v) methanol, 10% (v/v)
acetic acid). Then, the gel was carefully distained with a washing solution (40% (v/v) methanol,

10% (v/v) acetic acid) at RT under mild agitation.

3.1.9. Lectin-blotting

Lectin blotting is a modification of western blotting, using lectins instead of antibodies
to detect proteins conjugated with specific glycans (Cao et al., 2013).

A specific visualization of glycoproteins was performed by (i) transferring the proteins
separated by electrophoresis from the acrylamide gel to a polyvinylidene fluoride (PVDF)
membrane and (ii) labelling glycoproteins with biotin-conjugated lectins that are subsequently
recognized by a streptavidin-conjugated peroxidase, that later catalyses the oxidation of
luminol by hydrogen peroxide (Figure 13).

Transfer to PVDF membrane is based on proteins migration to the positive anode,
under the influence of an applied electrical field. Prior to the transfer, the membrane was
activated for 10 minutes in methanol, at RT. After incubation, the membrane was equilibrated
in transfer buffer (48 mM Tris, 39 mM glycine, 20% (v/v) methanol, 1.3 mM SDS pH 9.2). For
protein transfer, the gel was concealed in a mounted slab and placed in a mini-trans-blot with
a cooling unit and transfer buffer (48 mM Tris, 39 mM glycine, 20% (v/v) methanol, 1.3 mM
SDS pH 9.2). After a 100V run for 65 minutes, the membrane was incubated with TBT-T-BSA
(10 mM Tris-HCI, 150 mM NacCl, pH 8.0 0.1% (v/v) Tween-20, 3% (w/v) BSA) overnight at 4°
C, under mild agitation, to minimized unspecific binding. Then, the membrane was incubated
with a lectin solution (1 ul/ml of biotinylated lectin in TBS-T-BSA-ions; Vector) during 90
minutes at RT, under mild agitation. Next, the membrane was washed 5 times with TBS-T (10
mM Tris-HCI, 150 mM NacCl, pH 8.0, 0.1% (v/v) Tween-20) for 10 minutes and incubated with
HRP streptavidin solution (Vector) during 60 minutes at RT, under mild agitation. This last
incubation was performed in the dark. Prior to detection by Enhanced chemiluminescence
(ECL), 5 washes with TBS-T (10 mM Tris-HCI, 150 mM NaCl, pH 8.0, 0.1% (v/v) Tween-20)
were done under mild agitation. The PVDF membrane was then incubated with hydrogen
peroxide conjugated with luminol (ECL Prime Western Blotting Detection Reagent, Amersham
GE). The image was captured using a CCD camera (Amersham Imager 680 RGB, GE

Healthcare).
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Figure 13 - Schematic representation of proteins transference to a polyvinylidene fluoride membrane |
Assembly. The slab was mounted, from the negative cathode to the positive anode, with a filter pad, a filter paper,
the acrylamide gel, a PVDF membrane, a filter paper and a filter pad. All the components were previously immersed
in transfer buffer. Protein transfer. Application of an electrical field of 100 V for 65 minutes, leading to protein
migration towards the positive anode. Membrane Blocking. PVDF membrane blocked with TBS-T-BSA to
minimized unspecific binding during incubation. Incubation and detection. PVDF membrane was incubated 90
minutes with a lectin solution that recognizes specific glycoproteins, the later contains biotin that is detected by a
streptavidin solution that in turn contains a horseradish peroxidase that catalyses the oxidation of luminol by
hydrogen peroxide, yielding chemiluminescence that is detected by CCD camera. Original artwork

3.2. Glycoprotein identification and characterization

Previous proteomic studies only identified Nectin, as an adhesive protein due to the
poor homologies with public protein databases. Recently, Pjeta et al. (2020) obtained the first
transcriptome of Paracentrotus lividus adhesive organs, allowing adhesion specific proteins
to be identified.

Based on this transcriptome, the second aim of this study was to identify novel
candidate adhesive glycoproteins involved in P. lividus adhesion, using mass spectrometry.
Only the eluted fractions were analysed to address this specific question.

Mass spectrometry was performed as a service, by the Centre for Proteome Research,

Liverpool University.
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3.2.1. Mass spectrometry

Mass-spectrometry measures the mass-to-charge ratio of ions. To assure technical
and biological replicates, two eluted fractions for each tested lectin (8 samples in total) were
analysed by mass spectrometry, each sample being composed of proteins extracted from 3
or more sea urchins recently collected from its natural environment at the same moment.

Samples were first bound to 10 pl of strataclean resin (Agilent), vortexed for 1 minute,
centrifuged and the supernatant discarded. The resin was then washed three times with 40
uL 25 mM AmBic buffer and then digested on beads with 0.05 % RapiGest™ (w/v) for 10
minutes at 80°C, followed by reduction with 4 mM Dithiothreitol for 10 minutes at 60°C,
alkylation with 14 mM lodoacetamide for 30 minutes at room temperature, and finally digested
with 0.5 pg of Trypsin in two steps (4 hours at 37°C, followed by overnight at 37°C with agitation
to keep beads suspended). Then, samples were acidified with 0.5 % Trifluoroacetic acid (v/v)
for 45 minutes at 37°C, centrifuged and 2.5 pl of clarified supernatant injected on column, ran
on 50 minutes gradient on Q Exactive HF (Thermo). MS/MS data were searched for adhesive
protein candidates against a database composed of the six open reading frames (ORFs) of P.
lividus tube foot transcriptome using Mascot (version 2.7.0, Matrix Science). The peptide mass
tolerance was set to 10 ppm, and fragment mass tolerance was set to 0.01 Da.
Carbamidomethyl cysteine was set as a fixed modification, and oxidized methionine as
variable modification. For all samples, candidate proteins with false discovery rates (FDRs)

above 1% and only one unique peptide were excluded from subsequent analysis.

3.2.2. In silico analysis

Protein structure is influenced by a diversity of factors as primary amino acid sequence,
structural units (e.g domains) and the establishment of intra and/or intermolecular bonds
(Noble and Bailey, 2009). Since protein function is determined by their spatial conformation,
an in silico analysis was performed to further characterize the adhesive protein candidates
identified by mass spectrometry.

Various conserved domains have been described for marine adhesives proteins (see
1.1.2.1. Proteins identification and role in sea urchin adhesion), highlighting their importance
in wet adhesion. To further characterize these domains in the putative adhesive proteins, their
sequences were analysed using Basic Local Alignment Search Tool (BLAST) from National
Center for Biotechnology Information (NCBI) and Universal Protein Resource (UniProt)
datasets to identify regions of local similarity between sea urchin transcripts and known
proteins. Then, the sequences were aligned using Cobalt Alignment Tool from NCBI. Domains
prediction was performed using NCBI Conserved Domain Databases (Lu et al., 2020)and

InterPro (Mitchell et al., 2019). The presence of a signal peptide, a feature of secreted proteins,
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was predicted using SignalP 5.0 (Almagro et al., 2019). The amino acid composition, total
number of charged residues, instability index, aliphatic index and GRAVY were predicted with
ProtParam tool from Expasy. Theoretical isoelectric point and molecular weight of each protein
were predicted using Compute pl/MW tool from Expasy. Putative N- and O- glycosylation sites
were predicted using NetNGlyc 1.0 and NetOGlyc 4.0, and putative phosphorylation sites were
predicted using NetPhos 3.1 (Buheitel and Stemmann, 2013) considerer threshold > 0.5).
Protein three-dimensional structure was performed using RaptorX (Wang et al., 2018; Xu et
al., 2019; Xu et al., 2020). Structural alignment, structure edition and protein visualization were
performed with UCSF Chimera (Pettersen et al., 2004).
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RESULTS AND DISCUSSION

4.1. Glycoproteins purification

Glycoproteins enriched fractions were obtained through pull-down assays using four
lectins with different glycan affinities (see section 3.1.5).

Since this protocol had never been used for sea urchin tube feet samples, it required
several optimization steps (Table 6). Due to the differential binding capacity of the lectin-bound
agarose beads (see Table 5 Experimental work), the lowest binding capacity of LEL-bound
agarose beads (2.69 ug/ul) was used as a reference to determine the volume for the remaining
lectins (GSL II, WGA and SBA). Proteins present in unbounded (UB), washed (W) and eluted
(E) fractions were visualized with (i) Coomassie Brilliant Blue R-250 staining and (ii) lectin
blotting, to detect the glycoproteins of interest. Both techniques were performed in the same

conditions and at the same time, to obtain comparable results.

4.1.1. Pull-down assays

4.1.1.1 Lycopersicon esculetum (tomato) lectin pull down assay

Recently published research showed that Lycopersicon esculetum (tomato) lectin
detects an intense protein band above 180 kDa in P. lividus tube feet discs, indicating that it
contains several chitobiose units (GlcNac B(1,4) GlcNac) (Simao et al., 2020). Since LEL
histochemistry labelling showed that this glycoprotein is spatially restricted to the adhesive
epidermis, more specifically in the outer rim of the secretory granules, and is also secreted
into the adhesive, it was proposed as an important glycoprotein for P. lividus adhesion.

To proceed to pull down assays optimization, different parameters were taken into
account, such as (i) initial protein amount, needed for eluted proteins visualization with
Coomassie Brilliant Blue R-250 staining, (ii) volume of lectin bounded agarose beads and
eluting sugar solution, to maximize the retention of the glycoproteins of interest in the eluted
(E) fraction and (iii) volume of sample buffer, necessary to detach the remaining glycoproteins
from agarose beads in the non-eluted (NE) fraction (Table 6). Protein amount was calculated
based on protein quantification values of several tube feet adhesive disc extracts that were

performed throughout this study.
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Table 6 — Paracentrotus lividus tube feet disc glycoproteins enrichment using LEL-bounded agarose beads
pull-down assay. Tested conditions and results obtained during protocol optimization | a. Different initial
protein concentrations were tested to establish a minimal protein amount to obtain visible protein bands with
Coomassie Brilliant Blue R-250 staining. b. Protein precipitation was tested to obtain better protein band resolution
and less smear in Coomassie Brilliant Blue R-250 stained gels. c. d. Various volumes of agarose beads, eluting
sugar solution and sample buffer were tested to minimize the retention of the glycoproteins of interest in the
unbound, washing and non-eluted fractions. The presence of glycoproteins only in the 1t washing step was
considered as a null result (Supplementary Figure 2 - 4). Abbreviations: S - stacking gel, R — resolving gel, CS —
Coomassie Brilliant Blue R-250 Staining, LB — Lectin-blotting.

Protocol imization for L i (t 1to)-b ded agarose beads

Tested conditions Obtained results (visualized protein bands)

Elution sugar Unbound protein fraction Eluted protein fraction  Non-eluted protein fraction
Sample Buffer

Protein amount  Acrylamide gels  Agarose beads

solution cs LB cs LB cs LB
555 g S:4%; R: 12.5% 100 pl (269 ug) 100 pl 50 pl >25kDa >48kDa >75kDa
a
PR 75kDa,
Samples w/ precipitation 730 ug S:4%; R: 12.5% 100 pl (269 ug) 100 pl 50 pl >25kDa >40kDa 2100 kDa
640 ug S:4%; R: 12.5% 100 pl (269 ug) 200 pl 100 pl >25kDa >245kDa
b.
640 ug S: 4%; R: 12.5% 100 pl (269 ug) 200 pl 100 il >25kDa > 245 kDa >75kDa
. 48 kDa, 48 kDa, 48 kDa,
Precipitated 1 . 3.5%: R: 7.5% , , ,
recipitated samples c. 730 ug S:3.5%; R: 7.5% 200 pl (520 ug) 300 pl 60 i >48 kDa » 135 KDa >48 kDa + 245 kDa 48 kDa » 135 Kba
d. 730 pg S:4%;R:12.5%  334.57 pl (900 pg) 200 (x2) pl 100 i >17 kDa >100 kDa >17kDa >245kDa > 245 kDa

First optimization (Table 6 a.) (Supplementary Figure 2) established a minimal initial
protein amount needed for eluted proteins visualization with Coomassie Brilliant Blue R-250
staining. After testing two conditions (555 ug and 730 pug) it was concluded that the ideal
minimal initial protein amount was 730 pg, since it allows the visualization of a higher number
of protein bands (> 40 kDa) with Coomassie in the eluted fraction (E), some of which were
simultaneously detected by LEL lectin blotting (> 75 kDa), corresponding to our glycoprotein
of interest. However, protein bands resolution was low both in Coomassie stained gels and
lectin blots.

To increase band resolution and remove interfering substances that can cause smear
in SDS-PAGE, a second optimization step was performed by protein precipitation (Table 6 b.)
(Supplementary Figure 3). Although, the initial protein amount (640 pg) was below the ideal
amount set above (730 ug), the effect of protein precipitation was clear, since more protein
bands were detected by LEL lectin blotting in the eluted fraction (E). The effect of doubling the
eluting sugar solution volume was also tested (from 100 to 200 ul, Table 6 a. and b.), but no
significant differences were observed.

We proceeded with a third step of optimization to combine the above mentioned
minimal initial protein amount 730 ng, with a higher volume of agarose beads (from 100 to 200
ul) and a higher volume of eluting sugar solution (from 200 to 300 ul). (Table 6 c.,
Supplementary Figure 4). In addition, since previous results showed glycoproteins detected
by LEL were above 75 kDa, the acrylamide concentration in the gels was also decreased to
allow (i) better protein entrance in stacking gel (from 4 to 3.5%) and (ii) better protein
separation in resolving gel (from 12.5 to 7.5%). The obtained results showed glycoproteins

both in the unbound (UB) and non-eluted (NE) fractions, indicating that the agarose beads

44



RESULTS AND DISCUSSION

and eluting sugar solution volumes used were still insufficient, since part of the glycoproteins
of interest remained in these fractions (Supplementary Figure 4).

After several optimization steps, it was established that using 730 ug of disc protein
extract, 334.57 ul of lectin coated agarose beads, 2 x 200 pl of eluting sugar elution and 100
ul of sample buffer, were the best conditions to obtain an enriched fraction of LEL-bound
glycoproteins. The volume of agarose beads is limited by LEL binding capacity (2.69 mg/ml),
therefore, the maximum amount of lectin that can be used is 900 ug, that for LEL corresponds
to 334.57 pl. Glycoproteins elution was performed in two steps of 1h incubation with 200 pl of
eluting sugar solution instead of one step of 1h incubation with 400 ul, because doubling the
time maximized the elution efficiency in comparison with just doubling the volume. To evaluate
these optimizations, it was considered the following factors (i) absence of protein bands in the
non-eluted fraction (NE) in Coomassie staining and lectin blotting and (ii) lack of overlapping

protein bands in unbound (UB) and eluted (E) fractions (Table 6, Figure 14).
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Figure 14 - Pull-down assay of glycoproteins from Paracentrotus lividus tube feet disc extracts using LEL-
bounded agarose beads | One-dimensional gel electrophoresis protein profile (a,c¢) and corresponding lectin blot
(b,d) using LEL-bounded agarose beads non-inhibited (a,b) and inhibited (c,d). Abbreviations: E — eluted fraction;
M - molecular weight markers; NE — non-eluted fraction; UB- unbound fraction; W1-4 — wash fractions. 31.8
seconds of exposure time. Dashed line indicates the separation between stacking and resolving gel.
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With the above-mentioned conditions, it was possible to visualize with Coomassie
staining, several well-resolved protein bands in the eluted fraction (E) with apparent molecular
weights ranging from 17 to > 245 kDa (Figure 14 a.). Of these, only proteins above 245 kDa
were detected by LEL using lectin-blotting (Figure 14 b.). These results confirm the presence
of high-molecular glycoproteins with chitobiose residues, so large that they fail to enter the
resolving gel, even using lower percentage of acrylamide in the gels (Supplementary Figure
4).

To access the specificity of the lectin/glycan interaction, LEL-bounded agarose beads
were inhibited with 800 ul of the eluting sugar solution prior to incubation with protein extracts
(twice the volume used to elute LEL-bound glycoproteins from non-inhibited beads). This
resulted in a clear decrease in terms of protein amount and number of protein bands detected
in the eluted (E) fraction of the inhibited Coomassie gel, in comparison with the non-inhibited
one (Figure 14 a, c). The signal obtained in the blots in the eluted (E) fraction is also less
intense with the inhibited beads (Figure 14 b, d). There are proteins in the Coomassie eluted
fraction that aren’t labelled by LEL in the blots (Figure 14), which might indicate that some
non-specific binding to the beads still occurs, but there is a clear affinity for the glycans linked
to larger proteins.

It must be also noted that both with non-inhibited and inhibited beads, some
proteins were detected by LEL in the blots in the unbound (UB), 1% wash (W1) and 2°¢ wash
(W2) fractions. This is most reflected that a higher volume of beads would be needed to
capture all LEL-specific glycoproteins present in the disc extract. The volume of eluting sugar
solution allowed the release of a sufficient amount of glycoproteins to be detected in the
Coomassie gels and lectin-blots, but still some glycoproteins persisted in the non-eluted (NE)
fraction. This could indicate that a higher volume is needed or that some supernatant (eluted

fraction) remained in tube with the beads.

4.1.1.2. Wheat germ agglutinin lectin pull down assays

WGA, which detects one or two chitobiose units, was previous reported to label the
adhesive epidermis and cuticle in tube feet discs, as well as the adhesive footprints. In tube
feet discs, it also detects glycoproteins with an apparent molecular weight of 35, 75, 135 and
> 180 kDa.
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Table 7 - Paracentrotus lividus tube feet disc glycoproteins enrichment using WGA-bounded agarose beads pull-down
assay. Tested condition and results obtained during protocol optimization | a. b. Various volumes of agarose beads and
sugar eluting solution were tested to maximize the pull-down of WGA-bounded glycoproteins. The presence of glycoproteins
only in the 15 washing step was considered as a null result. Abbreviations: S - stacking gel, R — resolving gel, CS — Coomassie
Brilliant Blue R-250 Staining, LB — Lectin-blotting.

Wheat germ agglutinin-bounded agarose beads

Tested conditions Obtained results (visualized protein bands)
{ Unbound protein fracti Eluted protein fracti Non-eluted protein fracti
Proteinamount  Acrylamide gels  Agarose beads Elution SUGAr o e Buffer nbound protein fraction uted protein fraction on-eluted protein fraction
solution cs LB cs LB cs LB
. 35kDa, 63 kDa, 35kDa, 63 kDa,
- 4% R: 1259 3 3 3 ,
Precipitated samples 730 jg S:4%; R:125% | 12857 pl (900 ug) 300 (x2) pl 100 >11kDa S1KDa o skoa 708 2ei0a > 265 kDa

For WGA-pull down assay, the same protein amount (730 ug) was used, but due
to the different binding capacity (7 mg/ml) of WGA-bounded agarose beads, a volume of
128.57 ul was used to ensure the same 900 ug of lectin coated agarose beads. As for the
remaining parameters, it was established that using 2 x 300 ul of eluting sugar elution and 100
ul of sample buffer, were the best conditions to obtain an enriched fraction of WGA-bound

glycoproteins (Table 7).
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Figure 15 - Pull-down assay of glycoproteins from Paracentrotus lividus tube feet disc extracts using
WGA-bounded agarose beads | One-dimensional gel electrophoresis protein profile (a,c) and corresponding
lectin blot (b,d) using LEL-bounded agarose beads non-inhibited (a,b) and inhibited (c,d). Abbreviations: E —
eluted fraction; M - molecular weight markers; NE — non-eluted fraction; UB- unbound fraction; W1-4 — wash
fractions. 24 exposition time. Dashed line indicates the separation between stacking and resolving gel.
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With these conditions it was possible to visualized ten well-resolved protein bands in
the eluted fraction (E), with an apparent molecular weight of 11, 30, 45, 55, 57, 60, 63, 100,
180 and 245 kDa (Figure 15 a.). Of these, only proteins above 30 kDa were detected with
WGA lectin blotting, with an intense band at approximately 35, 63 and 75 kDa (Figure 15 b.).
The non-eluted (NE) fraction presented the same bands, indicating the need for a higher
volume of eluting sugar solution to release all WGA-bounded glycoproteins from the beads.

WGA inhibition was partially effective, demonstrated by the presence of several
proteins in eluted (E) fraction, ranging from 30 to > 245 kDa in the Coomassie gels and blots
(Figure 15 c, d). With the inhibited beads, several WGA labelled protein bands are visible in
the blots (Figure 15 d) that were absent from the blots with non-inhibited beads (Figure 15 b),
confirming there was some inhibition that prevented these proteins from attaching to the
beads. However, the inhibition was not complete, allowing some glycoproteins, probably with
many chitobiose residues, to attach to the beads in the eluted (E) and non-eluted (NE)

fractions.

4.1.1.3. Griffonia (Bandeiraea) simplicifolia lectin Il pull down assays

GSL I, which detects N-acetylglucosamine (GIcNAc) was previous described to detect
glycoproteins in the tube feet discs, with apparent molecular weights of 72 and >180 kDa.
GSLII labelled the disc cuticle and adhesive epidermis, as well as the secreted adhesive
(Siméo et al. 2020).
Table 8 - Paracentrotus lividus tube feet disc glycoproteins enrichment using GSL lI-bounded agarose beads pull-down
assay. Tested condition and results obtained during protocol optimization | a. b. Various volumes of agarose beads and
sugar eluting solution were tested to maximize the pull-down of GSL II-bounded glycoprotein. The presence of glycoproteins

only in the 1%t washing step was considered as a null result. Abbreviations: S - stacking gel, R — resolving gel, CS — Coomassie
Brilliant Blue R-250 Staining, LB — Lectin-blotting.

Griffonia simplicifolia lectin-bounded agarose beads

Tested conditions Obtained results (visualized protein bands)
Elution sugar Sample Buffer Unbound protein fraction Eluted protein fraction Non-eluted protein fraction

Protein amount Acrylamide gels ~ Agarose beads

solution cs LB cs LB cs LB
Precipitated samples 730 ug S: 4%; R: 12.5% 225 pl (900 pg) 200 (x2) pl 100 pl >11kDa > 11kDa >11kDa > 11 kDa

Due to its binding capacity (4 mg/ml), 900 ug of lectin coated agarose beads
corresponded to 225 pl for GSL II. For GSL Il pull down assays, we used (730 pg), 2 x 200 ul
of eluting sugar elution and 100 ul of sample buffer, to obtain an enriched fraction of GSL II-

bound glycoproteins (Table 8).
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Figure 16 - Pull-down assay of glycoproteins from Paracentrotus lividus tube feet disc extracts using GSL-
bounded agarose beads | One-dimensional gel electrophoresis protein profile (a,c) and corresponding lectin blot
(b,d) of non-inhibited GSL-bounded agarose beads (a,b) and inhibited (c,d). Abbreviations: E — eluted fraction; M
- molecular weight markers; NE — non-eluted fraction; UB- unbound fraction; W1-4 — wash fractions. 29 seconds
exposition time. Dashed line indicates the separation between stacking and resolving gel.

With the above-mentioned conditions, it was possible to distinguish with Coomassie
staining several protein bands in the eluted fraction (E) with apparent molecular weights
ranging from 17 to > 245 kDa (Figure 16 a.). Of these, intense bands were detected by GSL
Il around 75, 135 and > 245 kDa (Figure 16 b). For this pull-down, almost no glycoproteins
were detected in the non-eluted (NE) fraction in both the Coomassie and lectin-blot (Figure 16
a, b). However, GSL-II labelled proteins were visible in the unbound (UB) and 1% wash (W1)
fractions, indicating that the volume of beads used was insufficient to capture all GSLII-specific
glycoproteins (Figure 16 a, b).

As for the inhibition, it was quite efficient, since less GSL Il labelled protein bands were
detected in the eluted (E) fraction both in the Coomassie gel and the blot (Figure 16 c, d).
Concordantly, less proteins were detected by GSL Il in the unbound (UB), 1% wash (W1), and

eluted (E) fractions in the blot with inhibited beads (Figure 16 d).
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4.1.1.4. Soybean agglutinin lectin pull down assay

SBA was previously described to detect two glycoproteins in P. lividus tube feet discs,
with an approximate molecular weight of 75 kDa and 135 kDa. This lectin, which detects N-
acetylgalactosamine, labelled the adhesive footprint and the disc adhesive epidermis,
targeting microvilosities and the cytoplasm of abundant epidermal cells, most likely support
cells (Simao et al. 2020).
Table 9 — Paracentrotus lividus tube feet disc glycoproteins enrichment using SBA-bounded agarose beads pull-down
assay. Tested conditions and results obtained during protocol optimization | a. b. Various volumes of agarose beads,
sugar eluting solution and sample buffer were tested to maximize the pull-down of SBA-bounded glycoproteins. The presence

of glycoproteins only the 15t washing step was considered as a null result. Abbreviations: S - stacking gel, R — resolving gel, CS
— Coomassie Brilliant Blue R-250 Staining, LB — Lectin-blotting.

Soybean agglutinin lectin-bounded agarose beads

Tested conditions Obtained results (visualized protein bands)
i Unbound protein fraction Eluted protein fraction Non-eluted protein fraction
Protein amount Acrylamide gels ~ Agarose beads Elution ﬁugar Sample Buffer und profet ! uted protel i uted protel !
solution cs LB cs LB cs LB
Precipitated samples 730 ug 4% R:125% 20455l (900 ug) 200 (x2) ! 100l >11k0a >11k0a 2a5k0a 40 '32’!&“?6’
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Figure 17 - Pull-down assay of glycoproteins from Paracentrotus lividus tube feet disc extracts using
GSL-bounded agarose beads | One-dimensional gel electrophoresis protein profile (a,c) and corresponding
lectin blot (b,d) of non-inhibited GSL-bounded agarose beads (a,b) and inhibited (c,d). Abbreviations: E — eluted
fraction; M - molecular weight markers; NE — non-eluted fraction; UB- unbound fraction; W1-4 — wash fractions.
22.4 seconds exposition time. Dashed line indicates the separation between stacking and resolving gel.

The following condition were sufficient to effectively pull-down SBA-bound
glycoproteins: 730 ug of protein extract, 204.55 ul of SBA coated agarose beads (binding
capacity of 4.4 mg/ml), 2 x 200 pl of eluting sugar solution and 100 ul of sample buffer.

With the above-mentioned conditions, it was possible to visualize with Coomassie
staining protein bands in the eluted fraction (E) with apparent molecular weights above 45 kDa
(Figure 17 a.). Of these, SBA lectin blotting detected protein bands around 40, 75 and an
intense band above 135 kDa and > 245 kDa. Despite the lower acrylamide percentage used,
some glycoproteins of interest did not entirely enter the resolving gel, being retained in the
stacking gel (Supplementary Figure 5).

The inhibition of SBA-coated agarose beads inhibited with 900 ul of eluting sugar
solution, proved to be efficient, causing a decrease in the protein amount of the eluted | fraction

in the Coomassie gels (Figure 17 a), as well as a lower number of glycoproteins detected by
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SBA in the blots (Figure 17 b). Similarly, to WGA, inhibition of the beads increased the amount
of proteins detected by SBA in the unbound (UB) fraction (Figure 15 d), indicating that they
failed to bind to the agarose beads.

These results show that although we used three lectins that detect N-
acetylglucosamine (GlcNac), they have different glycan specificities. GSL I, the less specific,
detected the presence of GlcNac, whereas WGA and LEL detected GlcNac in a specific
chitobiose arrangement (i. e. a dimer of -1,4-linked glucosamine units). WGA detects up to
two GlcNacp(1,4)GIcNac units, while LEL can detect up to four chitobiose units.

GSL Il pull-downs pin-pointed several glycoproteins containing GIcNac, with an
approximate molecular weight of 75, 135 and >245kDa, thus expanding the number of
previously reported glycoproteins (72 and >180kDa) (Simao et al., 2020). This can be due to
the higher amount of protein used (47,02 ug of an enriched GlcNac-conjugated fraction
instead of 20 ug adhesive disc protein extract used by Simdo et al. 2020), a direct
consequence of protein precipitation and pull-down enrichment. WGA detected glycoproteins
with up to two units of chitobiose ranging from 35 to > 245 kDa. LEL detected glycoproteins
with up to four units of chitobiose only above 135 kDa.

Our results show that GlcNac in its simple form, was the highest abundant glycan
linked to disc proteins (the volume of GSL-bounded agarose beads was insufficient to pull-
down all glycoproteins), followed by chitobiose up to two units (the volume of eluting sugar
solution was insufficient to release all the glycoproteins pulled-down by WGA-bounded
agarose beads) and then, chitobiose up to four units (LEL pulled down specifically a higher
molecular weight protein). This is in agreement with (i) the inverse relation observed between
protein bands and lectin specificity (Figure 14 — 16), and (ii) previous immunohistochemistry
results showing that LEL produces the most specific labelling within the disc adhesive
epidermis, targeting the secretory granules (Simao et al., 2020). Inhibition differences can be
related with the capacity of the used sugar solution to inhibit the different lectins. Simao et al.
(2020) reported full inhibition of WGA, partial inhibition of LEL and unsuccessful inhibition of
GSL Il and SBA using single sugars. In the present study, we used a mixture of several sugars
indicated to elute glycoproteins from agarose-bound N-acetylglucosamine- or chitin-binding
lectins and from agarose bound Galactose/GalNAc binding lectins. This might explain the
improvement of inhibition of GSLII, LEL and SBA.

It should be stressed that despite their specificities, these three lectins (GSL I, WGA
and LEL) pulled-down high molecular weight glycoproteins (>245kDa) that didn’t enter the
resolving gel, even decreasing the acrylamide concentration to 3.5 % and 7.5%, respectively,

in the stacking and resolving gel (Supplementary Figure 4-5).
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Recent studies with other aquatic animals, showed that (i) temporary adhesives are
mixtures of several proteins; including (ii) large cohesive proteins and (iii) smaller adhesive
proteins; some of which are (iv) glycoproteins that segregate in the outer rim of the adhesive
secretory granules (Wunderer et al. 2019, Simao et al. 2020).

Spf1 (Uniprot X2KZ73), a major cohesive protein involved in footprint cohesion of the
sea star A. rubens, has a calculated molecular mass of 428kDa (Hennebert et al. 2014). Large
proteins that make the structural core of the adhesive footprint tend to be more conserved
between closely related species, as demonstrated for the Class Asteroidea (Lengerer et al.
2019) However, new candidate adhesive proteins recently discovered (Pjeta et al. 2020) for
the sea urchin P. lividus, are orthologs of sea star genes, which advocates for the conservation
of large structural proteins in the temporary adhesives of Echinodermata. Similarly, in another
Phylum, it was confirmed that temporary attachment of the flatworm M. lignano relies on two
large proteins, the cohesive Mlig-ap1 (Uniprot AOA411ACX2) and the adhesive Mlig-ap2
(Uniprot AOA411ACY6), expressed in the adhesive cells. (Wunderer et al. 2019) Recently,
these two proteins were found in another species of the same genus, M. poznaniense (Mpoz-
ap1 and Mpoz-ap2) and in the more distant species Minona ileanae (Mile-ap3) sharing high
sequence similarity (Davey et al. 2020). Therefore, it has been proposed that in large structural
proteins the selection pressure is high for the conservation of functional domains, while in
surface-binding proteins the relative amino acid composition is more important than the
primary sequence (Lengerer et al. 2019; Davey et al. 2020).

The presence of glycoproteins segregated in the outer rim of secretory granules
has been reported for the sea urchin P. lividus (Simao 2020), the flatworm Macrostomum
lignano (Lengerer et al. 2016; Wunderer et al. 2019) and the sea star Asterina gibbosa
(Lengerer et al. 2018). However, the attached glycan is quite variable: chitobiose in sea
urchins (Simao et al. 2020), N-acetylgalactosamine, N-acetylglucosamine, galactose, fucose
and sialic acid in sea stars (Sfp-210kDa, Sfp-290KDa) (Hennebert et al. 2011) and Gal-B(1-
3)-GalNAc in flatworms (Mlig-ap2) (Wunderer et al. 2019).

SBA-pull downs have confirmed that sea urchin adhesive disc contain
glycoproteins with N-acetylgalatosamine residues. However, unlike Simao et al. (2020) that
only detected two glycoproteins at 72 and 135kDa, the present study revealed the presence
of several high molecular weight glycoproteins > 135kDa in the eluted fraction. The recurrent
labelling of these two glycoproteins (72 and 135kDa) with multiple lectins, targeting mainly the
cytoplasm and microvilosities of abundant cells in the adhesive epidermis, led Simao and
colleagues (2020) to hypothesize that they were components of support cells instead of
secretory cells. Still, an indirect involvement in adhesion cannot be discarded since, the knock-

down of a support-cell-specific protein in the flatworm M. lignano, produced a non-adhesive
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phenotype, without influencing the production or secretion of the adhesive proteins (Wunderer
et al. 2019).

Having verified that the obtained enriched fractions actually correspond to an affinity
of the glycoproteins for the tested lectins, we proceeded with the identification by mass

spectrometry of the proteins contained in each eluted fraction.

4.2. Glycoproteins identification by mass spectrometry

For proteomic analyses, proteins were extracted from two independent pull-downs for
each of the four tested lectins. The protein contents of each pull-down were analysed by mass
spectrometry and the obtained MS/MS data searched against the translated sea urchin tube
foot transcriptome recently published by Pjeta et al (2020).

Computational analysis of the acquired MS/MS spectra showed a highest number of
hits (i. e. 1250 proteins found in the sample) for GSL II, followed by WGA (1222 hits) and LEL
(1189 hits), reinforcing the already mentioned increasing specificity of these lectins. A total hit
of 1074 proteins were obtained for SBA. Of these, we only analysed hits with more than one
unique peptide, since a higher number of peptides observed for a given protein increases the
probability of identifying that protein correctly (Baldwin 2004; Tabb et al. 2013).

In accordance with Lebesgue et al. (2016), blasted proteins are involved in (i)
cytoskeleton  organization, (i) metabolism, (iii) secretory pathways, (iv)
transcription/translation processes and protein biosynthesis and (v) putative components of
the adhesive secretions (Figure 18). However, despite the high number of protein hits, they
correspond to a sub-set of the adhesive disc proteins, i.e. the glycoproteome due to the pull-
downs procedures that capture only the protein that are bound to specific glycans. In fact, O-
linked attachment of 3-N-acetyl-glucosamine (O-GIcNAc) on serine and threonine residues of
nuclear and cytoplasmic proteins has been reported as an important posttranslational

modification, playing a key role in signal transduction pathways (Lima et al. 2009).

54



RESULTS AND DISCUSSION

Adhesion
4%
Uncharacterized
proteins
27%
Uncharacterized proteins
26% Cytoskeleton organization
22%
Cytoskeleton organization
Immune 25%
’-—'—"l Homeostasis system
Immune system 1% 1%
1%
. Nervous system L
Replication process 1% Replication
1% ° process Homeostasis
. Transcription process 1% 1%
Met;l:;,llsm 5% Metabolism Nervous
12% system
Protein biosynthesis 1%
5%
PTMs
Enzymatic activity 1% Enzymatic activity PB;AS
17% Protein 15% N
sorting and Protein sorting
transport and transport
2% 3%
Uncharacterized
roteins 9 .
P 22% Uncharacterized proteins
b
Immune system 18%
Oxidative 1%
Stress
1% A
\ Metabolism
mmune ~ A
system Cytoskeletr;r;;rgamzatlon 5% Cytoskeleton
1% Metabolism i organization
5% Enzymatic activity 33%
10%
Enzymatic activity
10%
Protein
degradation/cleavage )
Protein 1% d Protein
. Protein sorting an f :
biosynthesis Homeostasis transport blosysr;’hesls
Protein sortin, 9 .
e tg 8% 1% 2% PTL‘/'S Homeostasis
and transport PTMs Transcription 1% 1%
o
4% 1% process Nervous system Nervous system
9
6% % 1%

Figure 18 — GO annotation of Paracentrotus lividus pulldown proteins

To focus our analysis on potential cohesive/adhesive glycoproteins, we searched for
the 16 candidate proteins proposed by Pjeta et al. (2020), that were selected based on their
similar expression pattern consistent with the location of the adhesive cells, together with their
putative functions based on the obtained BLAST hits and domain prediction. Within these, six
candidate proteins were more promising since orthologous adhesion-related genes were
found in the sea star Asterias rubens.

Of these 16 candidates, six were present in all of our samples: Nectin variant 2
precursor, alpha-2-macroglobulin-like protein 1, alpha-tectorin, myeloperoxidase and a
uncharacterized protein LOC115927989 (Table 10). The sequence coverage and unique
peptides were taken into consideration due to a peptide preferential ionization in MS/MS data
(i. e. peptides derived from low abundance proteins are more difficult to detect, needing a
higher number of fragment ion spectra to be acquire to increase identification coverage rate)
(Eriksson and Fenyd, 2007; Huang et al., 2012).
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Table 10 — Candidate adhesive proteins MS/MS and BLAST results | Abbreviations: COV: sequence coverage (%); MW:
molecular weight (kDa); pl: isoelectric point

GSLII1 GSLIl2 WGA1 WGA2 LEL1 LEL 2 SBA 1 SBA 2 Unique Completeness

Blast (Pjeta et al. 2020) Our Blast

Mw pl

COV__COV__COV___COV___COV___COV___COV__ COV __peplides sequence
TR60905_c1_g1_i1_5 Nectin variant 12 precursor Nectin 2 [Paracentrotus lividus] 39 35 P 339 37 31 39 35 40 108,24 5.98 full length
[Paracentrotus lividus]
TR63383_c2_g1_i1_5 [STEED‘gz:ﬁ:lf:a'u'fc:f;ﬂjs] 9 6 10 05 8 4 15 12 21 199.71 5.43 5' missing
9y purp! L protein LOC10089280:
PREDICTED: uncharacterized [Strongylocentrotus purpuratus]
TRA6688_cO_g1_i1 6 protein LOC100892803 12 101 7 51 7 1 13 5 9 74.09 481 5'&3 missing
TR57217_c2_g1_i1_5 PREDICTED: myeloperoxicase 5 5 105 127 30 4 8 8 9 132.28 9.37 full length
[Strongylocentrotus purpuratus] purpuratus]
PREDICTED: alpha-2- alpha-2-macroglobulin-like protein
TR61622_c8_g1_i2_4 macroglobulin-like protein 1 isoform ! 9 P! 10 10 10,6 98 " 10 14 " 29 157,63 5.15 full length
[Strongylocentrotus purpuratus]
X1 [Strongylocentrotus purpuratus]
TRA46467_c1_g1_i2_6 N/A Uncharaoterized protein LOC115927989 25 x 246 x 14 25 19 27 8 236 865 full length

[Strongylocentrotus purpuratus]

Of these, Nectin (TR60905 c1_g1 _i1_5) was the first identified protein in every
MS/MS spectrum, with the highest sequence coverage (31% up to 41%), with a total of 40
unique peptides (Supplementary Table 2). Our results indicate that it's a highly glycosylated
protein (high coverage in each pulldown) containing GlcNac, chitobiose and GalNac residues
(identification in the four lectin pulldowns).

A lower number of unique peptides was obtained for alpha-tectorin-like protein
TR63383 c2 g1 i1 5 and TR46688 c0 g1 i1 6) and alpha-2-macroglobulin protein
(TR61622_c8 g1 _i2_4) (Supplementer Table 3-4). A lower sequence coverage indicates that
these proteins can be large proteins, in which, few peptides are commonly ionized. While
alpha-tectorin seems to have a higher number of quitobiose units (up to four units) and GalNac
residues (lower coverage in WGA-bounded agarose beads pulldowns), alpha-2-macroglobulin
appears to have a similar amount of different sugar residues (Table 10).

The lowest number of unique peptides (Supplementary Table 6 and 7) was registered
for both uncharacterized protein LOC 115927989 and myeloperoxidase, most likely because
they are poorly glycosylated proteins.

The new BLAST analysis allowed us to improve the annotation of these
cohesive/adhesive candidate proteins. For instance, TR46688 c0 g1 i1 6 and
TR63383 _c2 c2_g1_i1_5, were previously identified as two different proteins, namely an
uncharacterized protein LOC100892803 and an alpha-tectorin (Table 10). We found that
these two transcripts correspond to two different parts of a large alpha-tectorin-like protein,
homologous to an uncharacterized protein LOC100892803 from the sea urchin
Strongylocentrotus purpuratus. TR46467 _c1_g1_i2_6, formerly with no know homology, is
now annotated as homologous to an uncharacterized protein LOC115927989 of S.
purpuratus. In the following sub-chapters, the results obtained for these six adhesive protein

candidates are discussed in more detail.
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4.2.1. A third Nectin isoform is involved in Paracentrotus lividus adhesion and/or
cohesion

Pjeta and colleagues (2020) selected transcript TR60905_c1_g1_i1_5, identified as
Nectin variant 2, based on its over-expression at the adhesive disc relatively to the non-
adhesive stem, its localization on the adhesive epidermis and footprint, and the presence of
an orthologue gene in sea stars (Arub-27). This protein is so far the only confirmed adhesive
protein in sea urchins, for which two variants have been already described (Matranga et al.
1992; Lebesgue et al., 2016; Toubarro et al., 2016).

It's a 108 kDa glycoprotein (Figure 14-17; Table 10) and can form dimers (Matranga
et al 1989). We showed that it most likely contains chitobiose and GalNac residues. This in in
agreement with previous reports of several glycosylated Nectin isoforms (Santos et al., 2013),
but expands the current knowledge by revealing the type of residues involved in its
glycosylation.

Protein identification showed that TR60905_c1_g1_i1_5 presents 99.1% similarity with
Nectin variant 2 (Uniprot AOA182BBB6) and 98.4% with Nectin variant 1 (Uniprot Q70JA0),

thus indicating that it might corresponds to a 3 variant.

>Nectin variant 3 @@@@@@
>Nectin variant 1 i i i~ i it

FAS8C |

T
>Nectin variant 3 1 MAI ALMVVLIVKMMIATSLQAQLGMEDGRLTDVQITASSCFDGNHCTDRARLNQPLGNGKTGAWSARTNDQDQYIQV 80
>Nectin variant 1

=
©
o

>Nectin variant 2 1 T I 80
. FAS8C| ‘

>Nectin variant 3 81 DLRQLHEVSGVMTQGRNGYSQWVTSFRVLSSLDGLTFTPIPNAMMAGSD IFNGNSDRDT IVTNDFSANFVSRFIRFEPVT 160

>Nectin variant 1 =20 1 160

>Nectin variant 2 =30 L 160
FASSC | ] FAS8CIl .

>Nectin variant 3 161l WANHISMRFEVLGSIASKVEGPQKALGMKEEQIPDNAITASTVYDANHGAERSRLDTAAGAGKTGAWSARTN%VNQWLQV 240

>Nectin variant 1 0 Bivereeeccsosnsosscccscas [l e ccccssccsanans N....... 240

>Nectin variant 2 I e - D....... 240

FASBC Il

>Nectin variant 3 241 DLNSFYIITGVITQGRQDANQWVTGFRVESSDDGVTFNPILDCSGNQQVFTGNADRNTKVITEFARPITGRFLRIRPSSW 320

>Nectin variant 1 2 ettt ettt e 320
>Nectin variant 2 2] ettt ettt e 320
FASBCI , FASSC Il )
>Nectin variant 3 321 NGHISMRLEILGKGAVAGQRFEPLKLGMEDGRIADSQLSSSTCYDVNHCVDRARLNQVAGGGRTGAWSAQVNDHSQWIEV 400
>Nectin variant 1 2728 400
>Nectin variant 2 2720 400
FASSC

r v Ll
>Nectin variant 3 401 DLLTDFMFSGVVIQGRSDANQWVTGYSLQYRPDGQTTLIDIVDENGAAQIFSGSSDRDSLVISMLPLPVTARYVRIHPET 480
>Nectin variant 1 401 i PP 480
>Nectin variant 2 401 i Y 480

FAS8C Il FAS8C IV
r 1

v
>Nectin variant 3 481 WSGHISMRFELLGDGPINVVSTPGKLGIEDGRIAASSLSASSCYDGNHCVDRSRLNQPRASPFTGAWSARTNDLDQWIQV 560

>Nectin variant 1 L e 560
>Nectin variant 2 48l i ittt Lttt iiiiiieeneneeesssssososssannsssssnssnsnsnns 560
‘ FASSC IV X
>Nectin variant 3 561 DLRQAFEVTGIITQGRNgw‘PIYIGQWVQSYQMSYSIDGKDWILVKGCLAETQIFPGNFDADSLVENAISPPVTARFFRLHPV 640
>Nectin variant 1 561 ittt L - PP 640
>Nectin variant 2 561  tiiiiiiiiiiieeaa. D . 640
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FASSC IV FASBCV
v r v 1
>Nectin variant 3 641 HWNNHISLRWELIGMGPTTLAGSSRKLGLEDYRIPDSAITASTQYDANHGPQRARLNLPLSGALKGAWSALTLDHSQWLQ 720
>Nectin variant 1 [ D < S F oot i i i i i ittt eii it 720
>Nectin variant 2 [ D - D 720
r
>Nectin variant 3 721 VDLQGNYRVTGIITQGRASADQI 800
>Nectin variant 1 2 | | G...ovvn D..S.iiii ittt I.... 800
>Nectin variant 2 I S S 2 V.... 800
FAS8CV

f v 1

v
>Nectin variant 3 801 DEWHGHISMRIEILGAGPVANMLSDAVPLGLESTVIPDSSLTASSEWDPDHG LARVGILRGAWSARTNNVNQW 874
>Nectin variant 1 B0l .eiceccvsccsvccssscccssvesssnncsnnnns Povesossoosssnns - Riveosss 874
>Nectin variant 2 =0 0 Q. ittt tienanann 2 P Q....vt 874

>Nectin variant 3 875 IQVDLLSPYRIFAVATQGRQDLNQWVTSYKIACSSDGATFDTVQGICTNAAADRIFTANTDRNTIVTNSLPVPQVCRFVR 954
>Nectin variant 1 S PP 954
>Nectin variant 2 S 954

FAS8CVI
r 1

>Nectin variant 3 955 LLPATWNSHISLRMELYGEGPLTE 984
>Nectin variant 1 955 i i 984
>Nectin variant 2 955 i 984

Figure 19 — Protein alignment of Nectin variants identified in adults Paracentrotus lividus tube feet | Nectin
variant 1 [Uniprot Q70JA0] and Nectin variant 2 [Uniprot AOA182BBB6] were previously annotated by Matranga et
al. 1989 and Toubarro et al. 2016. Amino acids in black and red, indicate, respectively, common and dissimilar
residues between the three Nectin sequences. LDT, integrin binding site, is identified in yellow.

To confirm this possibility, we aligned the three sequences. Figure 19 shows (i) the
amino acids discrepancies (pinpoint in red), (ii) the location of the FA58C domains
(emphasized in bold) and (iii) the peptides identified by MS (dashed line over the amino acids).
We found that transcript TR60905 _c1_g1_i1_5 has higher similarity to variant 2, with only 8
amino acid substitutions, than variant 1 (13 amino acid substitutions). Between the three
sequences 18 substitutions were detected, 16 of them within the domains. MS/MS analysis
allowed us to confirm the existence of a 3" variant of Nectin, confirming 7 of the 18 amino acid
substitutions. A LDT sequence (Leu-Asp-Thr), at position 215-217 (Figure 19) proposed as an
integrin receptor binding site by Costa et al. (2010), was present in all sequences,

All variants contain six tandemly repeated discoidin domains (FA58C), similar to C1/C2
domains present in the blood coagulation factors V and VIl (Costa et al., 2010). These
repeated domains were similar (46.7 up to 55% similarity), with some conserved amino acids.
The modifications between variants occur near these conserved locations, with a maximum
of ten amino acids apart, possibly impacting protein molecular features (Table 11), tertiary

structure (Figure 20) and/or post-translational modifications (Figure 21).

Table 11 — Molecular features of Nectin variants identified in Paracentrotus lividus tube feet | Abbreviations:
GRAVY: grand average of hydropathy; MW: molecular weight; pl: isoelectric point.

Total number of negatively | Total number of positively

Seq ID Amino acid composition (%) ) N Instability index| Aliphatic index GRAVY MW pl
charged residues charged residues
X X Ser (8.8%), Gly (8.3%), Ala (7.9%), Leu 108,24 598
Necti it 3 A Glu): 95 Al Lys): 84 26.99 (stabl 81.08 -0.272 4 4
ectin varian (7.6%), Thr (7.2%), Val (6.9%) {Asp + Gl (Arg + Lysh (stable]
108,25 6,01
Ser (8.6%), Gly (8.4%), Ala (8.0%), L 4 4
Variant 1 er (8.6%), Gly (8.4%), Ala (8.0%), Leu 9% 85 28.01 (stable) 80.99 0,283
(7.6%), Thr (7.0%), Arg (6.8%)
X Ser (8.8%),Gly (8.2%), Ala (7.9%), Leu 108,35 595
2 4 27. 1.1 -0.2: ! !
Variant (7.6%), Thr (7.2%), Val (6.8%) 96 8 80 (stable) 81.18 0.284

In all variants, the most abundant amino acids are serine (Ser), glycine (Gly) and
alanine (Ala). Total negative and positive charged residues were considered due to its impact

on isoelectric point (pl) and GRAVY. Instability index refers to a protein in vitro stability,
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indicating that Nectin is predicted to be stable. Aliphatic index is defined as the relative volume
occupied by aliphatic side chains (alanine, valine, isoleucine and leucine), being possibly
related with the structural stability of globular proteins. A high aliphatic index, as verified in the
three variants, indicates that Nectin is thermo-stable over a wide temperature range. GRAVY
depends on the hydropathy (either hydrophobicity or hydrophilicity) values of all amino acids
present in the sequence. The three variants have a negative GRAVY, indicating that Nectin is
a hydrophilic protein. The three variants have a theoretical pl around 6, indicating that Nectin
is negatively charged upon secretion into seawater (pH = 8). Differential pH between the
secretory granule and water has been proposed as a trigger for bioadhesive gelation (i. e. gel-
transition) (Hennebert et al., 2014). Predicted molecular weight (approximately 108kDa) is in
agreement with previous research (Costa et al., 2009, Santos et al., 2013, Lebesgue et al.,
2016). All sequences are predicted to be secreted, with a likelihood of 0.9158 (variant 1),
0.9158 (variant 2) and 0.9181 (variant 3).

Having a highly similar amino acid composition (Table 11), 3D-structure prediction
showed the impact of punctual amino acid modifications across the domains, since protein
tertiary structure is determined by intramolecular noncovalent interactions, resultant from the
distinctive chemical properties of amino acid side chains. Whereas hydrophilic amino acid side
chains can interact with water, hydrophobic amino acid side chains tend to be in the interior
of the protein (Dyson et al., 2006; Lodish, 2000)

Of the 18 substitutions observed (Figure 19), only five maintained their
physicochemical properties, being considered as conservative (Supplementary Table 7). Due
to hydropathicity differences, the observed amino acid modifications can lead to a spatial
rearrangement of the domains in which they occur (Figure 20). Of note, only glycine/serine
substitution occurred more than once (578", 765" and 777" position). While serine is
hydrophilic, glycine forms highly hydrophobic core. This substitution bias could be explained
by a single point mutation in serine first codon position (in one of the two disjoint sets codifying
for serine), leading to a glycine modification (Schwartz et al., 2019).

For each variant the following aspects were analysed: (i) secondary structure
prediction, influencing the conformation acquired during protein folding, (ii) co-localization of
non-conservative amino acids modifications, to access their effect on secondary and tertiary
protein structures, (iii) domains and (iv) protein surface (Figure 21).

For the best of our knowledge, this is the first P. lividus adults tube feet Nectin 3D
representation based on its actual protein scaffold. A previous representation (Costa et al.
2009) was generated by homology-based fold predictions, based on a medium-accuracy

comparative model (30-50% sequence identity).
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Secondary structures Domains

Variant 2 Variant 1

Variant 3

23 "0

Figure 20 — Three-dimensional structural prediction of Nectin variants identified in Paracentrotus lividus tube feet | a. Nectin
variant 1 b. Nectin variant 2 c. Nectin variant 3. | Legend: In the first column, secondary structures are identified in blue (B-sheets), in
yellow (a helix) and in white (coiling structures). In the second column, the fixe domains are identified in pink (FA58C 1), orange (FA58C
1) yellow (FA58C Ill), purple (FA58C IV), blue (FA58C V) and green (FA58C VI). Cysteines are represented in white spheres and the
LTD motif is identified in red. Third column presents all variants with FA58C | at the top right of each image. Small images, at the

bottom of the panel, show in detail domains structure, cysteine proposed as responsible for Nectin homodimerization and LDT
sequence location. Amino acids substitutions are identified in in red).
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In a homology-based fold prediction, FA58C V was the only domain to present a jelly-
roll B-sheet of five and three strands packed against each other (Costa et al., 2009). The
authors also reported adjacent loops at the bottom of the p-barrel. We improved this prediction
model, performing a structural analysis considering local environments created by the amino
acid scaffold. This new analysis showed a similar jelly-roll f-sheet structural arrangement in
all of the domains (Figure 20). These f#sheet rich structures observed in all variants (due to
an amino acid preference) are a common feature of discoidin domains (FA58C) (Lefevre et
al., 2020; Bhattacharjee and Biswas, 2010). For each domain, at the bottom of these
structures, we also identified loop regions, which were proposed as membrane contact point,
as in human coagulation factor V C2 domain (Costa et al., 2009).

With an irregular tertiary structure in C-like shape (Figure 20, 3™ column), each variant
showed a different spatial organization regarding their domains (Figure 20, 2" and 3™
column). These structural modifications could be due to the above-mentioned amino acid
substitutions since the only unaltered domain (FA58C ) had conservative amino acid
modifications.

The majority of the non-conservative modifications occur in the apex of the loops
(Figure 20). For FA58C II, the substitution of a hydrophilic asparaginase (N233) by a
hydrophobic aspartic acid (D233) lead to a different folding, in which this domain is buried in
the interior of the protein in variant 2. Amino acid substitution in FAS8C Ill is in agreement with
this line of thought, since the substitution of a hydrophilic alanine (A419) by a hydrophilic
threonine (T419) in the membrane contact point, didn’t alter its spatial organization. It seems
to be a controlled process. The fourth domain has amino acid substitutions in p-sheets
involving threonine and serine modifications, being possibly implicated in post-translational
modifications.

All variants have a low cysteine content (1.1%), with no cysteines in FA58C V, one in
FA58C Il, two in FA58C | and IIl and three in FA58C IV and VI. Based on their spatial distance
shown in Figure 19, the predicted S-S bridges are FA58C | cys43-cys49, FA58C Il cys363-
cys369, FAS58C |V cys523-cys529 and FA58C VI cys927-cys956. The remaining cysteines
(FA58C Il cys283, FA58C VI 927 and FA58C IV cys605) since they are spatially distant. These
results are in agreement with the homology-based prediction made by Costa et al (2009).
Being consistently in the outer surface in all variants (Figure 20), cysteine (605™) seems to be
responsible for Nectin homodimerization. All proteins have a LDT (integrin binding) motif, in
the second discoidin domain, at the protein surface. The presence of all these features, seems
to indicate a preserved function between variants. Structural differences could be related with

post-translational modifications (Figure 21).
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FASSC|
r J
>Nectin variant 3 1 MAISRNALMVVLIVKMMIAT-S-I:GAQLGMEDGRLTDVQITASSCFDGNHCTDRARLNQPLGNGKTGAWSARTNDQDQYIQV 80
>Nectin variant 1 1 . PUPRPPPPPEINIPIIN 0 © O o [P PP T 80
>Nectin variant 2 1 Bevivooooooooio Il «oococoscoconssssasasosinccensssssssssassficecscsnsoss 80

>Nectin variant 3 81 DLRQLHEVSGVMTQGRNGYSQWVTSFRVLSSLDGLTFTPIPNAMMAGSDIFNGNSDRDTIVTNDFSANFVSRFIRFEPVT 160

>Nectin variant 1 Bl e ieceseseses e et asssssse b essnsssssss sttt ssesssas e T.ceeesonoss 160
>Nectin variant 2 PP b R 160
FASSC| FASSCII

I T | r
>Nectin variant 3 161 WANHISMRFEVLGSIASKVEGPQKALGMKFGQIPDNAITASTVYDANHGAERSRLDTAAGAGKTGAWSARTNDVNQWLQV 240
>Nectin variant 1 161 .icciiieiecccererirtccnnonoanns G..........Beeeie.. B ... Bl N....... 240
>Nectin variant 2 161 .cicieieccccsctenncccnnnncnans Rocooeeo -l ----------... R Devecens 240
FASSCIl

>Nectin variant 3 241 DLNSFYIITGVITQGRQDANQWVTGFRVESSDDGVTFNPILDCSGNQQVFTGNADRNTKVTTEFARPITGRFLRIRPSSW 320
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>Nectin variant 3 321 400
>Nectin variant 1 321 400
>Nectin variant 2 321 400
>Nectin variant 3 401 480
>Nectin variant 1 401 480
>Nectin variant 2 401 480
>Nectin variant 3 481 560
>Nectin variant 1 481 560
>Nectin variant 2 481 560
>Nectin variant 3 561 640
>Nectin variant 1 561 640
>Nectin variant 2 561 640
>Nectin variant 3 641 720
>Nectin variant 1 641 720
>Nectin variant 2 641 720
>Nectin variant 3 721 800
>Nectin variant 1 721 800
>Nectin variant 2 721 800
>Arub-27 1 5

>Nectin variant 3 801 856
>Nectin variant 1 801 856
>Nectin variant 2 801 856
>Arub-27 6 83

FAS8CVI
r 1

>Nectin variant 3 857 RLNLARVGILRGAWSARTNNVNQWIQVDLLSPYRIFAVATQGRQDLNQWVTSYKIACSSDGATFDTVQGICTNAAADRIF 936

>Nectin variant 1 857 i, 2 Y 936
>Nectin variant 2 857 e Lo o e E e O b L e e 936
>Arub-27 84 RFQKLNY----VGWRPALSNRLOQWLQVELPRTIYVTGILTQGNTQIDNYVTQYKIEYSLDLKHWACLMDM--~-HGYPKIF 156
FASSCVI
T )
>Nectin variant 3 955 TANTDRNTIVTNSLPVPQVCRFVRLLPATWNSHISLRMELYGEGPLTE---- 984
>Nectin variant 1 LS PP ---- 984
>Nectin variant 2 21 PP G S P P == 984
>Arub-27 157 TGNSDHTSTHLNKFRPAVLARYIRFVPVEWVNKIGLKMEIFGGG-CAEcwek 207

Figure 21 — N- and O-glycosylation prediction of aligned Nectin variants (Paracentrotus lividus) and
Arub-27 (sea star Asterias rubens) | Nectin variant 1 [Uniprot Q70JAO] and Nectin variant 2 [Uniprot
AOA182BBB6] were previously annotated by Matranga et al. 1989 and Toubarro et al. 2016. Arub-27 was
previously annotated by Hennebert et al 2014. N-glycosylation sites are identified in purple, while O-
glycosylation sites are in pink. Identified peptides by MS/MS, dashed over text, are identified in blue (GSL
I), purple (LEL), pink (WGA) and orange (SBA).

According to prediction results (Figure 21), Nectin variants are O-glycosylated.
However, our results, using N-glycan specific lectins, indicate that it also contains N-

glycosylation. These different results could be due to the threshold used for the predictions (>
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0.5, default threshold). Even considering only O-glycosylation, variants presented a different
number of predicted glycosylated residues (four possible glycosylation sites were validated by
MS/MS).

Adhesive protein variants have been reported in freshwater (Rees et al., 2019) and in
marine (Floriolli et al., 2000; Lu et al., 2013; DeMartini et al., 2017; Anand and Vardhanan,
2020) mussels. Peroxidase variants, proposed as a crosslinking agent in marine adhesion,
was also described in hydra temporary adhesion (Rodrigues et al., 2016).

Being a common phenomenon in underwater adhesion, nucleotide substitutions
(SNPs) occurring during DNA replication due to high gene expression (Toubarro et al., 2016)
seems improbable. The fact that the modifications occur in one nucleotide instead of a
sequence portion, also discards RNA splicing. As such, we propose that Nectin variants result
from RNA editing as a strategy to improve adhesion versatility, producing multiple forms of an
adhesive protein that can be fine tunned to interact with surfaces with different chemical
properties and conformations (Zhao et al., 2006; Stewart et al., 2011; Gantayet et al., 2014;
Rees et al., 2019).

4.2.2. Alpha-2-macroglobulin-like protein is poorly glycosylated and can have
an adhesive, structural or protective role in P. lividus adhesion

Based on its localization in the adhesive epidermis and the presence of an orthologue
gene in sea stars (Arub-13), TR61622_c8 g1 _i2_4 transcript was proposed as a candidate
adhesive protein by Pjeta and colleagues (2020). Both pull-downs, MS data and in silico
analysis shows alpha-2-macroglobulin is most likely a glycoprotein, containing chitobiose and
GalNac residues (Figure 22). Protein identification indicated a 70.1% similarity with
Strongylocentrotus purpuratus alpha-2-macroglobulin-like protein (NCBI XP_011676138.2).
These two proteins presented interspecific amino acid differences, of which 62 substitutions

were confirmed by mass-spectrometry.

>TR61622_c8 gl _i2 4 t
>XP_011676138.2 t

>TR61622_c8 gl i2 4  ——mmmmmmm—mmoe N ——
>XP_011676138.2 1 MRLIVSLLIFTIAVMVRGQEDGDELRVALTLPPIAEEVTQLPEPliTPALPLSPEELREEDFNKEISYLFLIPKLFYVQT 80

>TR61622_c8_ gl _i2 4 = = =  seeeee e e
>XP 011676138.2 81 KERICLLVTKSDGLLDYRVSLQKINAGQYEEYWSPGEQEAKQGENCFEFDVPTIESGSNQRQKVRLOQLRRKGAEDLNED 160

>TR61622_c8_gl_i2 4
>XP_011676138.2 161  YEVTKERFVRIQAQGGSKTYVQTDKPIYQPGQTVRFRALTLNSELKTVTEPFDSVIVESQSRQRVNQWTDVKGEEGLIEL 240

>TR61622_c8 gl _i2 4 = = = seeeee e e e
>XP7011676138.2 241 EHELPDELPDGITKLTYYIKVLRGTESVTQTFETV <‘EYVLPRFEVEVITPPYILITDPTCTVKVCGTYTYGKPVQGSVQA. 320
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>TR61622_c8 gl i2 4

>XP 011676138.2 321 400
>OTR61622_c8 gl i2 4 e FDSTNSL 7
>XP_011676138.2 401 SYTLTMRAINKNNFFKPALPYFGAVEVTNPDGAPKPGESIIVRCNALDSPVEATSNDQGFAVFTLPLQGIYEG...G... 480
A2M_BRD
>TR61622 c8 gl i2 4 8 SCNVTAVSFPERLPYNPDIYTLTQPISFTYLSPLYSPSDNYLDVEPV- - -VRPTAAGQEVNLRVHTTCDCPGGVKVLAVS 84
>XP _011676138.2 481 ..J...KD.Q.NI..D..VW..NR..TYFS...M...T....E..A.IQFGN.IQV.GS.SIS..M.K..TD.P.I.... 560
f = ]
>TR61622_c8 gl i2 4 563  LSGDILGNSLTNIDSLLRIPSGCGEQNMIGFVPNIYALQYLQATGQADQLQTNKAISNIIKGYQGQLNFRRTSGAYSAFG 642
>XP_011676138.2 1035 M.o.onn... S - E....S.V...L..MR....K...Y..SR.S..... 1114
A2M_TED
)
>TR61622_c8 gl _i2 4 643  NSDPEGSAWLSAYVVRSFAQAGQFIKIDNNDLQRTIRWLLNNLGQQODNGCFMNRGRVIHKEMQGGVNDEVSLTAFILVSL 722
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Figure 22 - Protein alignment alpha-2-macroglobulin like proteins of Paracentrotus lividus and
Strongylocentrotus purpuratus | Amino acids in black and red, indicate, respectively, common and dissimilar
residues between both sequences. N-glycosylation sites are identified with purple, while O-glycosylation sites are
in pink. Highly cleaved site (GCGEQ) identified in yellow. Identified peptides by MS/MS, dashed over text, are
identified in blue (GSL Il), purple (LEL), pink (WGA) and orange (SBA).

The alignment of both sequences (Figure 22), allowed us to demonstrate that (i) the 5°
end of TR61622_c8_ g1 _i2 transcript wasn’t sequenced in the tube foot transcriptome and (ii)
there’s a possible interspecific difference regarding the size of these proteins (see Table 12).
Interspecific sequence variation, was also observed in sea stars and barnacle candidate
adhesive proteins (Jonker et al., 2014; He et al., 2018; Lengerer et al., 2019). It has been
proposed that having an exact amino acid match might not be necessary, since functional
conservation could be achieved through similar biochemical properties, like similar amino acid
composition or post-translational modifications (e.g. glycosylation) rather than sequences

similarity (Lengerer et al., 2019).
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Both alpha-2-macroglobulin-like proteins, S. purpuratus have a predicted signal
peptide with 18 residues (0.9939 likelihood, with a 0.9609 certain of cleavage site) while P.
lividus transcript (TR61622_c8_g1_i2) does not (0.0587 likelihood) (Figure 22). Alpha-2-
macroglobulin-like proteins are usually extracellular (Pjeta et al., 2020). As such, the absence
of a signal peptide in P. lividus alpha-2-macroglobulin-like protein is more likely due to the
incomplete transcript sequencing (5’ end missing) and thus, it's possible that this protein is
also routed to the secretory pathway.

Four different macroglobulin domains were predicted in both sequences: (i) alpha-2-
macroglobulin bait region (A2M_BRD), (ii) alpha-2-macroglobulin (A2M), (iii) alpha-2-
macroglobulin thiol ester-containing domain (A2M_TED) and (iv) alpha-2-macroglobulin
receptor binding domain (A2M_recep). The first three domains are implicated in protease
inhibition. While A2M is responsible for protease recognition, A2M_TED mediates the covalent
binding between A2M protease complex thought the cleavage of a short highly conserved
region (e. g. GCGEQ), present in all the aligned sequences, at the moment of protease binding
(Figure 21). Bait region (A2M_BRD) is then cleaved, followed by a large conformational
change that blocks the target protease within a cage-like complex, substantially decreasing
access to protein substrates (Wong and Dessen 2014).

The identification of a alpha-macroglobulin-like protein which acts as a protease
inhibitor, is in agreement with the enzymatic adhesion/de-adhesion model proposed for sea
urchins (Lengerer and Ladurner 2018; Pjeta et al. 2020). Recent studies have identified a
number of highly expressed proteases and glycosidases in P. lividus adhesive discs, which
are believed to be putative de-adhesive proteins (Lebesgue et al., 2016). Having a protease
inhibitor would provide control of the proteolytic action of the de-adhesive secretion and/or

inactivate microbial proteases to protect the footprint from degradation.

Total number of negatively Total number of positively

Seq D Amino acid composition (%) charged residues charged residues

Instability index Aliphaticindex ~ GRAVY MW pl

Lew (9.2%), Val (7.9%), lle (7.7%), Ser (7.2%),
Gly (6.6%), Glu (6.5%)
>XP_011676138.2 Leu (8.4%), Val (8.1%), Ser (7.7%), Glu (7.5%), (Asp+Glu): 185 (Arg +Lys): 126 unstable (42.19)  87.67 0.186 16353 479
Thr (7.1%), Gly (6.8%)

Val (9.2%), Ser (7.9%), Leu (7.5%), Glu (7.5%),
Gly (6.8%), Thr (6.5%),

>TR61622 ¢8 gl i2 4 (Asp+Glu): 159 (Arg +Lys): 123 unstable (44.82) 93.78 -0.054 > 157,63 5.15

>Arub-13 (Asp+Glu): 207 (Arg +Lys): 132 unstable (40.05) 8538 0139 17358 4.87

For all sequences the most abundant amino acids are leucine (Leu), valine (Val),
serine (Ser), glycine (Gly) and glutamine (Glu). Instability index indicate alpha-macroglobulin
like proteins as unstable. High aliphatic index, verified for all three sequences, indicates that
they are thermo-stable over a wide temperature range. All sequences have a negative
GRAVY, indicating that these alpha-macroglobulin like proteins as hydrophilic. The observed

differences in this parameter are most likely a consequence of the incompleteness of P. lividus
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transcript sequence. All proteins have a theoretical pl around 5, indicating that these alpha-
2-macroglobulin is negatively charged upon secretion into seawater (pH = 8).

Regarding post-translational modifications, alpha-macroglobulin is predicted to be
poorly glycosylated, with one N-glycosylation and five O-glycosylated sites predicted sites,
none validated by MS/MS (Figure 22). Our results indicate that P. lividus alpha-2-
macroglobulin most likely contains N-glycans (Table 10). In humans, alpha-2-macroglobulin
has been shown to be N-glycosylated (Lin et al., 2012).

Alpha-macroglobulin like proteins have also been reported in other aquatic temporary
attaching organisms, such as barnacle cyprids (SIPC), sea stars (Arub-13), limpets (P-
vulgata-5) and ascidians larvae (H2Y2X2) (Dreanno et al., 2006; Lengerer et al., 2019; Liu et
al., 2019; Kang et al., 2020) (Figure 23).

Macroglobulin A2M BRD A2M A2M TED w A2Mrept-bd
barnacle 1
: { SIPC =yr—w—v—_ % -
cyprid € e limpet ‘ - P-vulgatab ==« ==
\6} >1320 aa
sea star ATUD-13 === 1 g — -
* 1570 aa
sea urchin TR61622_ . . ascidian H2Y2X2 =y=jur—vy— ¥ *
c8_g1_i2 1771 aa

>1118 aa

Figure 23 — Alpha-2-macroglobulin like proteins identified in barnacle cyprid, sea star, sea urchin, limpet
and ascidian | Adapted from Davey et al. 202

The best studied alpha-macroglobulin-like adhesive protein, is the settlement-inducing
protein complex (SIPC) secreted by barnacle cyprid larvae. Besides being used as a
conspecific biochemical cue to induce the gregarious settlement of cyprids, it also functions
as an adhesive protein (Rittschof and Cohen, 2004; Dreanno et al., 2006; Liang et al., 2019).
Yorisue and colleagues (2012) proposed that SIPC might have evolved from alpha-2-
macroglobulin by gene duplication, explaining the structural and sequence similarity between
the two proteins. As above hypothesized, Dominguez-Pérez et al. (2020) also suggested a
putative protective role for SIPC, maintaining the footprint integrity due to its protease inhibitor
domains.

Alpha-2-macroglobulin-like protein can, therefore, have different functions in P. lividus
adhesion. It could be a control mechanism to ensure the integrity of the adhesive secretion
due to its inhibitory domains. Depending on further results, this glycoprotein can have a dual

role as an adhesive role, as already proved in cyprids
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4.2.3. Alpha-tectorin is heavily glycosylated and can be involved in
cohesivel/adhesive interactions with other components of P. lividus adhesive
and/or of the disc cuticle

Alpha-tectorin was proposed by Pjeta and colleagues (2020) as an adhesive protein,
sharing partial sequence homologies with sea star Spf1 (50% identity) and with Arub-4, -10
and -25 (26.7%, 51.3% and 51.4%, respectively). Spf1, from the sea star Asterias rubens, is
a large protein of 426 kDa that displays specific protein-carbohydrate- and metal-binding
domains that could contribute to the cohesion of the adhesive footprint as well as to adhesive
interactions between the footprint and the cuticle covering the tube feet epithelium (Hennebert,
et al. 2014).

We improved previous BLAST results (Pjeta et al. 2020), reporting a 77.1%
(TR63383 c2 g1 i1) and 25.89% (TR46688 cO g1 i1) similarity with sea urchin
Strongylocentrotus  purpuratus  uncharacterized protein  LOC100892803 (NCBI
XP_030852014.1), an alpha-tectorin like protein. Protein alignment in Figure 24, shows that
two transcripts can be assigned to different segments of an alpha-tectorin-like protein (named
as consensus sequence in the alignment). These two proteins presented interspecific amino
acid differences, of which 90 substitutions were confirmed by mass-spectrometry. This
technique also validated 68 amino acids in the TR63383 c2 g1 i1 5 5 end. Spf1 was not
sufficiently similar to both the uncharacterized protein (NCBI XP_030852014.1) and our
consensus sequence (TR46688 c0_g1_ i1 6 and TR63383_c2_g1_i1_5), being only

evaluated regarding its molecular features (Table 13).

>XP_030852014.1

- - Oy ISy ¢
- - Yy Jwaley Jua
>TR46688_c0_g1_i1_6 >TR63383_c2_g1_i1_5
TR46688_c0_gl_il_6
v
Consensus sequence 1 =  ——————— - TPLGAVNFMNVHPFSYIVFGSAPGSPSTWNFPYPSALSETVC 42
XP_030852014.1 UP 1201 > etpgvlntdgptrfrigladgtie klenggge..I.....GM...........G.N§j.B8.8..--H.T@.N.. 1280
SUEL_Lectin | )
Consensus sequence 43 DTQELNIGCPNGQFIDLMYASYGYHPDAISCrSEDLPYSPCHNENSFSEVLORCQGIESCAFQVSTGLFSADPCPLTPKS 122
XP_030852014.1 UP 1281 .S.VMS.A.....¥....S.....S8AA.TA.-.DGQA.A...S.....ccvuuuu. Kag..... TA.V.NDPCV.M. ... 1359
SUEL_Lectin | . EGF_2 — : YWD L

Consensus sequence 123 LATIRYRCESSPIOKTGRTGACIEMQOCONGGYCIRSNGAALCRCOSGWTGTHCEI SESTCTHYGGSHFTTFDGKHYEFPIS 202
XP_030852014.1 UP 1360 .TV..Q.VAD§.E....H§.... DL..M..... F..M..S5....5..... PT..ER.AV.S.F..A. .M...N.R...... 1439
YWD superfamily |

Consensus sequence 203 SNGNEDCTFVLVRHEAHIGETFDVLARNGEIHIEINSRMIKLGEDVRIDGLPVQLDFTdss tPPLFRIYDOGNEEFVVEL 282
Xp_030852014.1 UP 1440 R....E......... SASGES......... Vessoss Qe snsieis sinin sin s A...S----A...Q.S.K..G..A.T. 1515
wWR !

r 1
Consensus sequence 283 NVGMTIAYKKGGILHISMAASSAAVSGLCGDNNGNINDDFKLANNEITAVPMEFVQEHTOCTISNTEDECVGOA--QARD 360
Xp_030852014.1 up 1516 ......E.....T.F.T.TGDA..L.....N.D.DADN..E.E.D....LAK....Q.08.8@PLY..A..BMErd...E 1595

[=]] TILI
T 1

Consensus sequence 361 QCNMYFIEDTFAACTAAsSVSKELFLDECSYDVCRSKSYCDSLEAYVSRCKERNIPLPDWRQTVGCVMECGPNMVYDECSS 440

XP 030852014.1 UP 1596 ..SV..SSNL.DN.L.S-EPLVA............ RGH........ T..EN...N.MP........... DS....E..AQL 1674
- TILI

Consensus sequence 441 ACQATC! 'ASANCa 1l PSSCVERCVCOPDFILKSGRCVPMAQCETM LMTGGEQLGNSP PAFIP-PSRGSPAP 512

XP_030852014.1 UP 1675 ..P.L.Of..-QE..--NLP....... EAG....A.......... BO8paAEV.FEEIVQOA.vrgg.VVA.a.gPVV... 1752

Consensus sequence 513 VPAP----QEGMDELOOEFQOL--GGOSPAGOQPVPEPV-GQPAPSP———————————————————————— VGQPAPFSV-G 560

XP_030852014.1 UP 1753 ..8.v888.G.IPN.GBL.A.ng.VPA..PA...A.A8..... A.ggfnlapapapatapapapapaSgQPA...AR.p. 1832
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Consensus sequence 1482 x1x b T 1 1kkkyqg r < k 1561
Xp_030852014.1 UP

Consensus sequence 1562 < k | ikscq 1 x K 1 1641
XP_030852014.1 UP

Consensus sequence 1642 X pskk X y X X 1721
XP_030852014.1 UP

TR63383_c2_gl_il_5
v

Consensus sequence 1722 pdcnk pfrx 1d 1778
XP_030852014.1 UP

Figure 24 - Protein alignment of alpha-tectorin-like protein in Paracentrotus lividus and
Strongylocentrotus purpuratus | Amino acids in black and red, indicate, respectively, common and dissimilar
residues between both sequences. N-glycosylation sites are identified with purple, while O-glycosylation sites are
in pink. Identified peptides by MS/MS, dashed over text, are identified in blue (GSL Il), purple (LEL), pink (WGA)
and orange (SBA).

As shown in Figure 24, S. purpuratus alpha-tectorin-like protein is a large multidomain
protein (> 370kDa), which contains galactose-binding lectin domains (SUEL_Lectin), EGF-like
domains, discoidin- like domains (FA58C), von Willebrand factor type D (vDW) and trypsin
inhibitor-like cysteine rich domains (TIL) in a repeated pattern. This modular organization was
also observed in alpha-tectorin like in P. lividus (>200 kDa).

These domains were also present in the sequences of adhesive proteins in sea stars
(Spf1), flatworms (Mlig-ap1 and -2, Mile-ap1 and Mile-ap2a/b), limpets (P-vulgata_1, 2 and 4)
and cnidaria, being associated with protein-protein, protein carbohydrate and protein-metal
interactions (Pjeta et al., 2020). These binding functions can provide cohesive and adhesive
interactions between alpha-tectorin and other glycans/proteins present either in the secreted
adhesive and/or the outermost layer of the tube foot, the cuticle (Hennebert et al., 2014).

Predicted signal peptide was absent in the sequences of S. purpuratus (0.0011
likelihood) and P. lividus (0.0715 likelihood for TR46688 c0_g1_i1_6 and 0.0024 likelihood
for TR63383_c2_g1_i1_5). Nevertheless, Spf1 (0.999 likelihood), Mlig-ap1 (0.9946 likelihood)
and Mlig-ap2 (0.9919 likelihood) are predicted to be secreted. Since no start codon was found
for none of the sea urchins sequences, we can’t exclude the possibility that sea urchin alpha-

tectorin might also be secreted.

Table 13 - Molecular features of sea urchin and sea star alpha-tectorin-like proteins | Abbreviations:
GRAVY: grand average of hydropathy; MW: molecular weight; pl: isoelectric point.

Total number of negatively Total number of positively

D Ami i iti [ ity i Aliphatic i RAVY MW |
Seq mino acid composition (%) charged residues charged residues nstability index Aliphatic index G pl
. Pro (13%), Ser (9.6%), Gly (9.4%), Ala (7.9%), . .
>TR46688_c0_gl_il_6 Gln (6.2%), Val (5.8%) (Asp+Glu): 59 (Arg + Lys): 34 unstable (74.36) 61.32 0.272 74.09 4.81
. Leu (7.7%), Cys (7.1%), Val (6.6%), Gly (6.5%), . .
>TR63383_c2_gl il 5 Ser (6.4%), Thr (6.2%) (Asp+Glu): 188 (Arg + Lys): 141 unstable (43.02) 76.72 0.086 199.71 5.43
Gly (8.9%), Ser (8.0%), Ala (7.8%), Thr (7.2%),
2014.1 1 4 Lys): 231 I 3 % -0.2 73. 4.,
>XP_030852014. Pro (6.6%), Val (6.4%) (Asp+Glu): 403 (Arg + Lys): 23 unstable (48.34) 64.83 0.263 373.35 66
Gly (8.1%), Val (7.5%), Asp (7.2%), Glu (6.6%),
>Spfl v (8:1%), Val (7.5%), Asp (7.2%), Glu (6.6%) (Asp+Glu): 533 (Arg + Lys): 371 stable (36.80) 70.59 -0.328 42825 492

Ala (6.2%), Ser (6.2%)

Alpha-tectorin like proteins and Spf1 showed an amino acid bias towards glycine (Gly),
serine (Ser) and alanine (Ala). Only Spf1 was predicted as stable, showing the lowest

instability index (Table 13). All proteins have a negative GRAVY, indicating that they are highly
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hydrophilic. All proteins have a theorical pl around 4.5 — 5, indicating that these alpha-tectorin
like proteins are negatively charge upon secretion into seawater (pH = 8). All proteins have
high molecular weights (>200 kDa). Alpha-tectorin like proteins are predicted to be highly
glycosylated, containing both N- (most likely chitobiose units up to four units) and O- (GalNac

residues) glycans (Figure 24, Table 10).

4.2.4. Myeloperoxidase is poorly glycosylated and can contribute to the
cohesiveness of P. lividus adhesive secretion, catalysing protein crosslinking
Pjeta and colleagues (2020) proposed TR57217_c2_g1_i1 as a candidate adhesive
protein, sharing 68.4% similarity with S. purpuratus myeloperoxidase (NCBI XP_787204.3).
We confirmed this result (69% similarity), updating the accession number to XP_787204.4
(NCBI). These two proteins presented interspecific amino acid differences, of which, 53

differences were confirmed by mass-spectrometry (Figure 25).

>TR57217_c2_g1_i1_5 e
Legend:

> \ 2 4 . .

oXP_787204.4 R e

TR57217_c2_gl_il_5 1 MAGRTAVFILLASVLVILCCI lDQTTKQD')SLN'_)VVLQVEKRSLAR'_)Z:'EYE‘L’EDEHLEDVR':IRWSLEPMELLLQF'_)SRKR 80

XP_787204.4 myeloperoxidase 1 .H....V.F.AV...VFE...... AQ.EEII....... V..ND..YA...N....AD....... D..... N.... 79
Whbp11
TR57217_c2_gl_il_5 81 RDAIKKRNIRAVNAPAALVDAPAALVNAPDSLVNKDAEHGDRFRRQVEGET - ————==—=—=— KEERRARKKEERRLRKE 160
XP_787204.4 myeloperoxidase 80 = ......... K.A...G.A A..DDGL.R.E.S...AD..LTKEEERLQKEAL...K.LQ.A.RK...I. 147
Wbp11
r 1
TR57217_c2_gl_il 5 161 FNAKRKAQRKARKELRRQARLRKKQERKVQQIDRQEFNNAIKAGDEAVLERMLNIDIDMEINMKQVCDHSTHHGHADVEC 228
XP_787204.4 myeloperoxidase 148 YRER.R...R...L..KL.KQ.R.E..IQKRL..... VK..RT.N.cvevoesoosons Q...NDI.E.gH. .- Y...H- 227
An_peroxidase
r 1
TR57217_c2_gl_il_5 229 DPNALYR! (GSCNNLEHTSWGSTLEPLVRI SSHGNFLPRNYHSSPRKESTSFAEADDGGKDKAQPGISILIMHW 308
XP_787204.4 myeloperoxidase 228 .RR.B..H-B------cccee.n. | SN P.§-BG..S.......K... E.IN- - D....S....% 8. V..coius 307
An,
r
TR57217_c2_gl_il 5 309 GQFTDHDITHTPAAHDPCDCGT SCYPLQVPGNDEYFTDRECFEVPRTLSHCGDSDKREQFNEITAFIDASNVYGSTE 388
XP_787204.4 myeloperoxidase 308 ..........H.... E.......R---Fo....... PV.K..V........ Ao KA.........M........... 387
. An
TR57217_c2_gl_il_5 389 AEMEE'LRFHTSPDAEPSDVDLALSAGRLRVHEE‘PDQE‘.NRGSLLPHPEEISGNCE‘GEDETTGIICGDAGDFRANEQPGLTS 468
XP_787204.4 myeloperoxidase 388 G.v.Y.. . RSV.GL--TSKE..IGS..... Q...ED....A....HQ.E}]....... KKL..V..E.............. 465
) An,
TR57217_c2_gl_il 5 469 LHTIFVRLHNVIADGLKSRNPAWVLDSDRVFDEARKIVGAIMOSIDYNEYLPTFLGDNEFETHIG QYEGYDSTL.PSIS 548
XP_787204.4 myeloperoxidase 466  .......... BE..B....... G.ARN..... B........ T..A.T....... L..KA.YKKY..LR.S....SI..... 545
] An_peroxidase
TR57217_c2_gl_il_5 549 NVFASAGYRQGHSAVDNVLDRYLIDSETGEATPLDPLPITKAFFNARHLYDFEKGGVDGFMQGMIRQNARKIDRFISPAL 627
XP_ 787204.4 myeloperoxldase 546 ... TS.F........ DS.Y..QVNA.-.DDI..E....A...... FYM. . VAN..I.......... Teeeenenn F.QT. 624
An
1
TR57217_c2_gl_il 5 628 LNKLFVDPDDDEDATGLDLMSLNVLRGRDNGIQPYHQWREYCGQPKITGWADLEGIMTPETIVKI.RQTYGWNDRFVDD ID 707
XP_787204.4 myeloperoxidase 625 ..Q...N..ESD.......L... B YR..K...LSP. .K.S..KKI..AD..A..KK...NENAD.QL. 704
. An
TR57217_c2_gl il 5 708 PFIGFIAEEPANDDGTLGPTLSCIIGSQFKLLREGDRFFYLNQDGPQAFTEDQRNAIHDVTMARVLCETLDNPVTFQ!NV 787
XP_787204.4 myeloperoxidase 705 s eVe oV Kiv i Kiisiiioinenms R...8....c00cveen PRoecess KA..DV.DKM....... Lo B T 784

Figure 25 - Protein alignment of myeloperoxidase-like protein in Paracentrotus lividus and
Strongylocentrotus purpuratus | Amino acids in black and red, indicate, respectively, common and dissimilar
residues between both sequences. N-glycosylation sites are identified with purple, while O-glycosylation sites
are in pink. Identified peptides by MS/MS, dashed over text, are identified in blue (GSL Il), purple (LEL), pink
(WGA) and orange (SBA).

As shown in Figure 25, myeloperoxidase has a twenty-eight amino acids signal peptide

(0.962 likelihood, with a 0.8788 probability of cleavage site). It's a large protein, with an
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approximate molecular weight of 94 kDa. Both sea urchin sequences presented a peroxidase
domain. This is in agreement with previous reports of peroxidase-like enzymes being highly
expressed in sea urchin tube foot discs (Lebesgue et al., 2016), in sea star adhesive secretion
(Hennebert et al., 2015) and in cnidaria attachment basal area (Rodrigues et al., 2016).
Peroxidases are believed to act as catalyzers of protein crosslinking, thus contributing to the
high cohesive strength of wet adhesives (Pjeta et al. 2020). This enzyme is able to form four
disulphide bridges (Figure 25), presenting a cysteine content of 3.3% (Table 17). This is in
agreement with the reported insolubility of sea urchins and sea stars adhesive secretions,
attributed to the presence of proteins with significant amounts of cysteine (2.6 and 3.2%,

respectively) (Flammang et al., 2016).

Table 14 - Molecular features of sea urchin myeloperoxidase-like proteins | Abbreviations: GRAVY: grand
average of hydropathy; MW: molecular weight; pl: isoelectric point.

Total number of negatively Total number of positively

Seq ID Ami id ition (%
ed mino acid composition (%) charged residues charged residues

Instability index Aliphaticindex ~ GRAVY Mw pl

Leu (9.3%), Ser (8.8%), Arg (8.2%), His (7.4%),

>TR57217_c2_g1 i1 5 Gl (5.5%), Val (5.3%)

(Asp+Glu): 87 (Arg + Lys): 130 unstable (46.85) 73.51 -0.51 94.02 494

Leu (8.7%), Arg (8.4%), Ala (8.0%), Glu (7.3%),

>XP_787204.4
- Asp (6.9%), Gly (6.5%),

(Asp+Glu): 117 (Arg + Lys): 120 unstable (41.56) 74.69 -0.621 93.86 7.98

Both sequences have leucine (Leu) and arginine (Arg) as two of the most abundant
amino acids in their composition. The remaining amino acids differ, impacting the theorical
isoelectric point, GRAVY and molecular weight. Both proteins were predicted as unstable
(high instability index) but thermo-stable over a wide temperature range (high aliphatic index).
All sequences have a negative GRAVY, indicating that they are hydrophilic. While P. lividus
myeloperoxidase (TR57217_c2_g1_i1_5) has a theorical pl around 9, S. purpuratus
myeloperoxidase is around 8, indicating that these proteins are differentially charged upon
secretion into seawater (pH = 8). Both sequences have high molecular weight (>90 kDa).
Myeloperoxidase is predicted to be poorly glycosylated, containing both N- and O-glycans (4
and 12 predicted glycosylation sites, respectively). In humans, myeloperoxidase is known to
contain N-glycosylations and deglycosylation decreases its oxidation activity (Wang et al.,
2018).

4.2.5. Uncharacterized protein involved in P. lividus adhesion

Based on its localization in the adhesive epidermis, Pjeta et al. (2020) selected
TR46467_c1_g1_i2_6 as a candidate adhesive protein. However, like P. lividus MSP, this
protein has no orthologue sequences in sea stars.

Our BLAST results showed that this transcript shares 38.31% similarity with S.
purpuratus uncharacterized protein LOC115927989 (>XP_030850287.1). Both proteins
presented interspecific amino acid differences, of which, 56 substitutions were confirmed by

mass spectrometry (Figure 26).

71



RESULTS AND DISCUSSION

>TR46467 cl gl _i2 6 TP (e
>XP 030850287.1 UP C-TVPE-LECTT)

TR46467_cl gl i2 6 1 STTLNILILVXFHSFISCLDIPNRKRPIINLCSTMAGQSVVVVALVVVLAALVNGNV-~-CKPNFNPK-~-~---— PDCRK-- 70
XP_030850287.1 UP 1 = —=--——--———mmmmm—mmm oo MIMTWKA.VAL;..AG.G.AS...AEP.LU:.Y.QWTEHGa;".::s..s.st 52
C-type lectin (CTL)/C-type lectin-like (CTLD)

TR46467_cl gl i2 6 71 RAGEGWEFFKGMGYKYFPKGLTWKDANAACKPWDEEICSASR- -~~~ GWQSYLASYLTDGELEGAFRKAYDAACIK-- 141
XpP_030850287.1 UP 53 H.Q.L.QCWS.,.Y.I....K..KAE.LKS.G....AV.QGEYVGGTDKFQ.RTH...SPLK...ND.ILP.FNK..L.PK 132
C-type lectin (CTL)/C-type lectin-like (CTLD)
T )
TR46467_cl gl i2 6 1}42 ~NGY-LFWSGVKKSRRRSKLYYEDSVRSSSSKHAFPDDIPSLREGRECVAFDMSGDEVRMVVRPCDEELGYLCKIMPTRH 219
Xp_030850287.1 UP 133 T..KD..... -G..IS.GQ.VFG.GS.GAT.------- .T..GK.—....Y——I.SDGS..KVS.SAK.PAM...Q.PS. 201

Figure 26 - Protein alignment of an uncharacterized protein of Paracentrotus lividus and Strongylocentrotus
purpuratus | Amino acids in black and red, indicate, respectively, common and dissimilar residues between both
sequences. N-glycosylation sites are identified with purple, while O-glycosylation sites are in pink. Identified
peptides by MS/MS, dashed over text, are identified in blue (GSL IlI), purple (LEL), pink (WGA) and orange (SBA).

As shown in Figure 26, our transcript (TR46467_c1_g1_i2_6) has a twenty-nine amino
acids signal peptide (0.9989 likelihood, with a 0.9520 probability of cleavage site), being most
likely marked for the secretory pathway. Both uncharacterized proteins contain a C-type lectin
(CTL) domain, a carbohydrate-recognition domain.

This domain is also present in the sequence of cohesive proteins in sea stars (Spf1)
(Hennebert et al., 2012, Hennebert et al., 2014, Hennebert et al., 2015, Hennebert et al., 2018)
and flatworms (Mlig-ap1) (Wunderer et al., 2019, Pjeta et al., 2020).

Being a secreted protein, apparently present in the adhesive secretory cells (Pjeta et
al., 2020) and with a carbohydrate-recognition domain, it's a good candidate to promote
interactions with the cuticular carbohydrate residues (i. e. in the fuzzy coat) (Hennebert et al.,
2015).

Table 15 - Molecular features of sea urchin (Paracentrotus lividus and Strongylocentrotus purpuratus)
uncharacterized protein | Abbreviations: GRAVY: grand average of hydropathy; MW: molecular weight; pl:
isoelectric point.

Total number of negatively Total number of positively

seq ID Amino acid composition (%) charged residues charged residues instability index aliphatic index ~ GRAVY Mw pl
Ala (8.6%), Gly (8.1%), Lys (8.1%), Ser i i _
STRABIST 191126 g1 e e e ohen (7.0%) (Asp+Glu): 22 (ArgtLys): 28 unstable (48.82) 68.00 0.368 20.82 8.86
o o
>XP_030850287.1 Ala (10%), Gly (10%), Ser (108), Lys (Asp+Glu): 16 (Arg+lys): 22 stable (32.61) 66.57 0215 21.64 876

(9%), Leu (8%), Pro/Val (5.5%)

Main amino acid composition for both uncharacterized proteins were leucine (Leu),
serine (Ser), alanine (Ala) and valine (Val). P. lividus uncharacterized protein was predicted
as unstable, contrary to S. purpuratus uncharacterized protein (instability index). Both proteins
were indicated as thermo-stable over a wide temperature range (high aliphatic index) and
have a theoretical pl around 8.8, indicating that there are positively charge upon secretion into
seawater (pH = 8) (Table 15).

Both TR46467_c1_g1_i1_6 and XP_030850287.1, contain a high cysteine content,
having 14 (4.3%) and 10 cysteines (5%), respectively. Of these, four cysteine residues are

highly conserved in the C-type lectin (CTL) domain, being involved in two disulfide bonds.
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These results are consistent with high cysteine levels reported for sea urchins and sea stars

adhesive secretions (2.6% and 3.2%, respectively) (Santos et al., 2009; Flammang, 2016).
Regarding PTMs, P. lividus uncharacterized protein is predicted to have only three

linked O-glycans. This inconsistency with mass-spectrometry results (pull down by lectins that

recognize N- and O-glycans) can be explained by the threshold used for in silico analysis.
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4.3 Conclusions and future perspectives

With this thesis, our lab provided the further insights on five candidate
adhesive/cohesive proteins involved in Paracentrotus lividus adhesion, through the
characterization of their molecular features and conjugated glycans.

Up until now, Nectin was the only identified adhesive/cohesive protein in sea urchins
(Lebesgue et al., 2016). Based on the recently published P. lividus tube foot specific
transcriptome by Pjeta (2020), we report for the first time the identification of five
adhesive/cohesive glycoproteins (Nectin variant 3, alpha--macroglobulin-like, alpha-tectorin-
like, myeloperoxidase and an uncharacterized protein) in P. lividus adhesive discs. These
candidate proteins are most likely conjugated with N-acetylglucosamine, a glycan previously
shown to be present in the outer rim of the adhesive granules (Simao et al., 2020), expressed
in the adhesive epidermis and secreted into the adhesive footprints (Pjeta et al., 2020), making
these glycoproteins highly relevant for sea urchin adhesion.

Based on their sequences and domains, we can group the five protein candidates as
follows: (i) two large negatively charge proteins (Nectin and alpha-tectorin) and a smaller
positively charge protein (uncharacterized protein), with a probable adhesive and/or cohesive
function, (ii) a alpha-macroglobulin enzyme, possibly promoting adhesion/cohesion or having
a protective role and (iii) a peroxidase, most likely involved in protein crosslinking, contributing

to the cohesiveness of the secreted adhesive (Table 16).

Table 16 — Glycosylated proteins candidates proposed as relevant for Paracentrotus lividus adhesion |
Abbreviations: A2M, alpha macroglobulin domain; AE, adhesive epidermis; C8, cysteine-rich domain; CTL, C-type
lectin domain; EGF, EGF-like calcium-binding domain; FA58C, discoidin domains; G, secretory granules; IHC,
immunohistochemistry; ISH, in situ hybridization; MW: molecular weight; pl: isoelectric point; SUEL lectin,
galactose-binding lectin domains; TIL, trypsin inhibitor-like; vWD, von Willebrand domain.

Proteins pin pointed by ISH in Pieta et al 2020 and by our work
cysteine predicted predicted _ predicted
content _glycosylation _phosphorilation _sulfation

) Sequence  Star’Stop  signal i o )
unique
sequence ID location completoness codon. poptige "9 conserved domains homologous proteins of interest  Unique peptides MW pl

AE(IHC, ISH), 6

TR80905_c1_g1_i1_5 nectin variant 3 ) fullength yeslyes  yes 984 14% oN numerous 1 6x FASSC nectn 40 10824 598

A2M_N_2, A2M,  aipha-2-macroglobuln ke proten 1,

TR61622.c8 g1 24 amacrogiobuln lke 5 missing nalyes o e 21% oN numerous 2 o7 M recep pregnancy zone prolen

2 >157,63 5.15

TR46688_c0_g1 i1 6 5 &3 missng nafno no 705 5.1% OoN numerous - SUEL Lectin x4, - 9 481

a-tectorin ke EGF,vWD x3,C8x2, >2138
AE (ISH) TiLx3

TR63383_c2_g1_i1 5 5 missing nolyes no 7 1% oN numerous 6 atectorin, Spft 2 543

TR57217_¢2_g1.i1 5 myeloperoxidase fulllenght yeslyes yes 829 33% Oo,N numerous 3 peroxidase myeloperoxidase 9 94.02 494

TR46467_c1.1 26 uncharacterized protein fullength yeslyes  yes 382 43% oN numerous cTL 8 2082 886

This is in agreement with recent studies with other aquatic animals, showing that (i)
temporary adhesives are mixtures of several proteins; including (ii) large cohesive proteins
and (iii) smaller adhesive proteins; some of which are (iv) glycoproteins located in the outer
rim of adhesive secretory granules (Wunderer et al., 2019, Simao et al., 2020).

Oppositely charged molecules, are also known to be involve in adhesion/deadhesion
mechanisms in permanent (mussels and sandcastle worm) (Kim et al., 2016; Cui et al. ,2019)

and in temporary adhesion (flatworms) (Wunderer et al., 2019). While a negatively charged
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molecule serves as a releasing factor in flatworm M. lignano (due to adsorption to the positively
charged Mlig-ap1 after secretion) (Wunderer et al., 2019), oppositely charged moleculas
spontaneously condensated upon secretion by liquid-liquid phase separation in mussel and
sandcastle adhesives, forming a coacervate phase (polymer-enriched) and a solvent phase
(polymer depleted) (Sing, 2017; Dompé et al., 2020; Lebesgue et al., 2016). For M. edulis it
was recently identified the first known naturally occurring self-coacervating adhesive protein
in mussels (simple coacervation, with one colloidal solute) (Wei et al., 2014; Cui et al., 2017;
Kaminker et al., 2017) as for Phragmatopoma californica, opposite charged proteins are
needed to achieve a liquid-liquid phase separation, been separately secreted by two types of
secretory cells (complex coacervation) (Stewart et al., 2011). The produced secretory
granules are either homogeneous or heterogeneous, as reported in sea urchins (Flammang
et al., 2016).

Coacervates have excellent transient physical properties for underwater adhesion as
(i) higher density than water enabling surface wetting and (ii) low interfacial energy, allowing
surface adsorption (Waite, 2017; Waite, 2019). It can also influence regulated secretion since
electrostatic condensation of polyelectrolytic macromolecules into dense fluid granules allows
the packaging and storing of large quantities of charged macromolecules.

The identification of oppositely charged adhesive/cohesive proteins (Nectin, a-tectorin
and an uncharacterized protein) indicates a possible coacervation process, with more than
two colloidal solutes, in P. lividus temporary adhesion. Their binding functions, promoting
interactions with other glycans/proteins present either in the secreted adhesive and/or in the
the disc cuticle (Hennebert et al., 2014) are due to their protein domains, associated with
protein-protein, protein-carbohydrate and protein-metal interactions (Hennebert et al., 2015;
Pjeta et al., 2020). High cysteine content of a-tectorin and uncharacterized protein, pinpoints
the involvement of cysteine residues in intermolecular disulfide bonds reinforcing the cohesive
strength of the adhesive (Santos and Flammang, 2006; Santos et al., 2009). Contrarily to
DOPA-based adhesives, sea urchins crosslinking is promoted by peroxidases
(myeloperoxidase). This liquid-to-solid maturation (e.g. mussels) promotes amyloid nanofiber
formation for stronger adhesion, as already reported in sea urchins by Viana and Santos
(2018), being possibly induced by a substantial pH differential between the regulated secretory
system (pH = 6) and seawater (pH = 8), as well as changes of ionic composition (Stewart et
al., 2017; Federle and Labonte, 2019).

Despite answering the main question proposed with this research project, the
identification and characterization of some adhesion-related glycoproteins in P. lividus raised
multiple questions, the first being the number of identified proteins. Due to incomplete

databases regarding sea urchins, several proteins were identified as uncharacterized. To
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address this question, further bioinformatic analyses (e.g. comparative analysis regarding
domains or molecular features using principal component analysis) would be useful. The
second question focus on model validation. Both knock out experiments and co-localized
immunohistochemistry with specific antibodies would allow us to understand (i) if proteins are
expressed by the same secretory adhesive cells, (iii) if these proteins are present in the
adhesive granules and where in them and (iii) their direct or indirect impact on P. lividus
adhesion. The last question addresses adhesive/cohesive properties of these proteins using
recombinant protein expression, as performed by our group with Nectin variant 2 (Batista
2020). Validation of the adhesive properties of sea urchin inspired adhesive proteins can be
achieved using self-assembled monolayers, ellipsometry, surface plasmon resonance and
scanning probe microscopy.

As a follow up of the present thesis, it can be envisaged that further research in still
needed to better characterize these five proposed sea urchin adhesive glycoproteins. Based
on their sequences new antibodies can be produced to locate in more detail the expression of
these glycoproteins (eg. immunogold transmission electron microscopy), followed by their
purification by immune-affinity chromatography, and posterior identification of their
glycosylation sites and attached glycan structures by mass spectrometry.

This basic research is important not only for a better understanding of sea urchin
temporary adhesion but also for the development/improvement of medical adhesives, but also
in tissue engineering (Choi Besim and Editors, n.d.) and drug delivering (Dutta and Das 2015;
Muller et al. 2020). A better knowledge of these adhesive glycoproteins can contribute to
identify common features in wet adhesives, highlighting key-elements that are important to
mimic in bioinspired adhesives for biomedical application, but also to create a portfolio of
diverse adhesive proteins with unique features to address a variety of clinical challenges.

Currently, the only marine organisms for which biomimetic recombinant adhesive
proteins have been produced is still scarce (mussels - Hwang et al., 2005; sea urchins —
Batista et al., 2020 and sea stars — Lefevre et al., 2020), and further investment and growth in

the production of biomimetic adhesives is foreseen for years to come.
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Supplementary Table 1 — Adhesion strength measured for single tube feet of sea stars and sea urchins
on various smooth substrata | Abbreviations: PMMA: poly(methylmetacrylate); PP: polypropylene; PS
polystyrene. Adapted from Flammang 2016.

Species Substratum Tenacity (MPa) References
Asteroids
Asterias rubens Glass 0.20-0.24 F;anrgrln-laezizggr:/\gzﬁr(g)??);)
PMMA 0.18 Santos et al. (2005a)
Asterias vulgaris Glass 0.17 Paine (1926)
Marthasterias glacialis Glass 0.43 Hennebert et al. (2010)
Echinoids
Arbacia lixula Glass 0.09 Santos and Flammang (2006)
Colobocentrotus atratus PMMA 0.54 Santos and Flammang (2008)
Echinometra mathaei PMMA 0.22 Santos and Flammang (2008)
Heterocentrotus trigonarius PMMA 0.25 Santos and Flammang (2008)
Glass 0.29-0.31 Santos and Flammang (2006)
Santos et al. (2005a); Santos
Paracentrotus lividus e > and Flamr(nang (;006)
o owwar | STsma e S
PS 0.29 Santos and Flammang (2006)
Sphaerechinus granularis Glass 0.20 Santos and Flammang (2006)
Stomopneustes variolaris PMMA 0.21 Santos and Flammang (2006)
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Tube feet disc Footprint
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Supplementary Figure 1 — Sea urchin Paracentrotus lividus adhesive and tube feet sections labelling with
GSL Il, WGA, STL, LEL and SBA | The disc surface is oriented downwards towards the right in all the pictures.
Detection of N-acetylglucosamine in the simple (GSL Il) and chitobiose (WGA, STL, LEL) form and N-
acetylgalactosamine (SBA). Abbreviations: GSL Il, Griffonia simplicifolia lectin Il; LEL, Lycopersicon esculentum
lectin; SBA, Soybean agglutinin; STL, Solanum tuberosum lectin; WGA, Wheat germ agglutinin. A close up of the
adhesive epidermis labelling is in the center column to a detail representation of the cellular structures stained.
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Supplementary Figure 2 - Pulldown assay (first optimization) of glycoproteins from Paracentrotus lividus tube feet disc
extracts using LEL-bounded agarose beads | One-dimensional gel electrophoresis protein profile (a,c) and

corresponding lectin blot (b,d) using 550 ng (a,b) and 730 ug (c,d) of protein amount. Abbreviations: E — eluted
fraction; M - molecular weight markers; NE — non-eluted fraction; UB- unbound fraction; W1-4 — wash fractions. 6.9

seconds of exposure time.
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Supplementary Figure 3 - Pulldown assay (second optimization) of glycoproteins from Paracentrotus lividus tube feet
disc extracts using LEL-bounded agarose beads | One-dimensional gel electrophoresis protein profile (a,c) and
corresponding lectin blot (b,d) using non-precipitated (a,b) and precipitated (c,d) sample. Abbreviations: E — eluted
fraction; M - molecular weight markers; NE — non-eluted fraction; UB- unbound fraction; W1-4 — wash fractions. 15

seconds of exposure time.
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Supplementary Figure 4 - Pulldown assay (third optimization) of glycoproteins from Paracentrotus
lividus tube feet disc extracts using LEL-bounded agarose beads | One-dimensional gel electrophoresis
protein profile (a) and corresponding lectin blot (b) using lower acrylamide percentage gels (stacking gel 3% and
resolving gel 7.5%. Abbreviations: E — eluted fraction; M - molecular weight markers; NE — non-eluted fraction;
UB- unbound fraction; W1-4 — wash fractions. 15 seconds of exposure time. Dashed line indicates the separation
between stacking and resolving gel. Dashed line indicates the separation between stacking and resolving gel.
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Supplementary Figure 5 - Pulldown assay of glycoproteins from Paracentrotus lividus tube feet disc extracts
using SBA-bounded agarose beads | One-dimensional gel electrophoresis protein profile (a) and corresponding
lectin blot (b) using lower acrylamide percentage gels (stacking gel 3% and resolving gel 7.5%. Abbreviations: E —
eluted fraction; M - molecular weight markers; NE — non-eluted fraction; UB- unbound fraction; W1-4 — wash fractions.
5 seconds of exposure time. Dashed line indicates the separation between stacking and resolving gel. Dashed line

indicates the separation between stacking and resolving gel.

97



SUPPLEMENTARY DATA

Supplementary Table 2 — Unique peptides obtained by MS/MS for Paracentrotus lividus Nectin variant 3 |
In bolt, the peptides were present in both replicates. When present in the first replicate is identified in black and in
the second replicate, in grey. Absent peptides were marked with a black square.

Protein Nectin variant 3 (TR60905_c1_g1_il1_5)

Numer of peptides Peptides GSL 11 (38,7 e 35) WGA (40,5 e 33,9) LEL(37,3e31,4) SBA(39,1e35,2)
1 LGIEDGR yes yes yes yes
2 VFVGNGDR yes yes |
3 LGMEDGR yes yes yes yes
4 IFTANTDR yes yes yes yes
5 VTGIITQGR yes yes

6 IFAVATQGR yes yes yes yes
7 LNLPLSGALK yes yes yes yes
8 SRLDTAAGAGK

9 FEVLGSIASK

10 QDANQWVTGFR

11 NGYSQWVTSFR

12 QDLNQWVTSYK

13 FEPLKLGMEDGR

14 QAFEVTGIITQGR

15 QLHEVSGVMTQGR

16 VLPDEWHGHISMR

17 LLPATWNSHISLR

18 TNDQDQYIQVDLR

19 DSLVISMLPLPVTAR

20 TNDLDQWIQVDLR

21 WELIGMGPTTLAGSSR

22 NTIVTNSLPVPQVCR

23 STQVTNYFAPPFTAR

24 FELLGDGPINVVSTPGK

25 TNNVNQWIQVDLLSPYR

26 IPDSAITASTQYDANHGPQR

27 IAASSLSASSCYDGNHCVDR

28 LTDVQITASSCFDGNHCTDR

29 IADSQLSSSTCYDVNHCVDR

30 IACSSDGATFDTVQGICTNAAADR

31 VESSDDGVTFNPILDCSGNQQVFTGNADR

32 VLSSLDGLTFTPIPNAMMAGSDIFNGNSDR

33 GCLAETQIFPGNFDADSLVENAISPPVTAR

34 VESSDDGVTFNPILDCSGNQQVFTGNADRNTK

35 IHPETWSGHISMR

36 FEPVTWANHISMR

37 NGEDFTTISSPSTPLODK

38 KLGLEDYR

39 QDANQWVTGFRVESSDDGVTFNPILDCSGNQQVFTGNADR

40 TGAWSAR

Total 40 peptides
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Supplementary Table 3 - Unique peptides obtained by MS/MS for Paracentrotus lividus alpha-
tectorin | In bolt, the peptides were present in both replicates. When present in the first replicate is
identified in black and in the second replicate, in grey. Absent peptides were marked with a black square.

Protein Alpha tectorin like (TR46688_c0_g1_il1_6)
Numer of peptides Peptides iSLII (12,1 e 10,1JWGA (7,4e5,1) LEL(6,4e11,2) SBA(12,5¢e4,5)
1 SYCDSLEAYVSR yes yes yes yes
2 ELFLDECSYDVCR ves TN yes yes
3 IDGLPVQLDFTDSSTPPLFR yes yes
4 NIPLPDWR yes
5 CQGIESCAFQVSTGLFSADPCPLTPK yes
6 TGACIEMQCONGGYCIR
7 HEAHIGETFDVLAR
8 LGEDVRIDGLPVQLDFTDSSTPPLFR
9 CVCQPDFILK

Total 9 peptides
Protein Alpha tectorin like (TR63383_c2_g1 il 5)
Numer of peptides Peptides GSL1I (8,7 e 6,4) WGA (9,5¢€ 0,5) LEL (7,6 e 4,3) SBA (15 e 4,5)
1 ECGCLVEGK yes yes yes yes
2 LFGDPCFTK yes yes yes yes
3 VYQACSEGVTK | ] yes yes
4 CYEVCECPPGK yes yes yes yes
5 DSTGCSYMCPLGK yes yes yes yes
6 HCGLTDLQVSCSK yes yes yes yes
7 YLEVEYECLETK yes yes yes yes
8 CAHYEAYADACQAK yes yes
9 CELWANGEYFPDPCPATFK yes yes yes yes
10 DICAADNIGDQSCHEPTSLGVVMSK yes yes
11 EFYLDGER
12 VAMTCQGLTR
13 EESCFSATAEVR
14 IICQDNPVMLNCR
15 DCTICNGCQDIEACTR
16 VQHHCTQQPLASEVPQTPVR
17 GGSVVASAPAFGFSWASNSPDCPTR
18 DNIHEVDDYDVEAPFSVSTGDAMLS
19 SYCDSLEAYVSR
20 IDGLPVQLDFTDSSTPPLFR
21 CPFCTQDPSCTDQIAQLDASSVCSEMI

99

Total 21 peptides
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Supplementary Table 4 - Unique peptides obtained by MS/MS for Paracentrotus lividus alpha-2-
macroglobulin | In bolt, the peptides were present in both replicates. When present in the first replicate
is identified in black and in the second replicate, in grey. Absent peptides were marked with a black
square.

Protein Alpha macroglobulin (TR61622_c8 gl i2_4)

Numer of peptides Peptides GSLII(10,3e9,5) WGA(10,6e9,8) LEL(7,6e9,5) SBA(13,6e11)
1 IDNNDLQR yes yes yes

2 TEVVSFLNR | ™ yes
3 WLVSQQGPR yes yes yes yes
4 GYQGQLNFR yes yes yes

5 EFEELGLVR yes yes yes
6 IEEGVTHSDGLR yes yes yes
7 VHTTCDCPGGVK yes yes yes
8 GSGEFDLVDSSNR yes yes yes yes
9 AVALEAVAVGGPPAIR yes yes yes yes
10 YTDVTKEFEELGLVR yes yes yes yes
11 DLDSLIQGDLTLIEYR yes yes
12 HTFEVTVPEEYVADSGR ] ves yes
13 TSGAYSAFGNSDPEGSAWLSAYVVR v yes
14 KASDVLQVR

15 EAEAAVFHR

16 TGLLAGGGSAEVK

17 SVETLMDMIK

18 TCSIAVALDTK

19 NSGIICTIGPVSR

20 VVTANTFLDHCSK

21 FFEDNTPVIVVTGWR

22 VLDVGGTIFVDDGLIALK

23 KGVNLPNAEVDLPALSDK

24 EVDMPTSAGLTVAIAAVEASYK

25 VAEIGADYLDCQIVNGGMLGSR

26 AETSDVANAVLDGADCVMLSGETAK

27 SFAQAGQFIK

28 WLLNNLGQQDNGCFMNR

29 VIIFLSGDILGNSLTNIDSLLR

Total 29 peptides

Supplementary Table 5 - Unique peptides obtained by MS/MS for Paracentrotus lividus
uncharacterized protein | In bolt, the peptides were present in both replicates. When present in the
first replicate is identified in black and in the second replicate, in grey. Absent peptides were marked
with a black square.

Protein Uncharacterized protein (TR46467 c1_gl i2)
Numer of peptides Peptides GSLII (246e---) WGA (24,6 e---) LEL(13,9e24,6) SBA(18,8 e 27)
1 AGEGWEFFK yes yes yes yes

2 HAFPDDIPSLR yes yes yes yes

3 MVVLPCDEELGYLCK yes yes yes yes

4 DANAACKPWDEEICSASR yes yes yes yes

5 NGYLFWSGVK yes yes yes

6 ECVAFDMSGDR yes yes

7 GWQSYLASYLTDGELEGAFR yes yes

8 KAYDAACIK yes

Total 8 peptides
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Supplementary Table 6 - Unique peptides obtained by MS/MS for Paracentrotus lividus
myeloperoxidase | In bolt, the peptides were present in both replicates. When present in the first
replicate is identified in black and in the second replicate, in grey. Absent peptides were marked with a
black square.

Protein Myeloperoxidase (TR57217_c2_gl il 5)
Numer of peptides Peptides GSLII(5e5) WGA(10,5¢e12,7) LEL (3 e 3,8) SBA (7,6 € 8,2)
1 VLCETLDNPVTFQK yes yes yes yes
2 YLIDSETGEATPLDPLPITK yes yes yes yes
3 LFVDPDDDEDATGLDLMSLNVLR yes yes
4 NPAWVLDSDR
5 FHTSPDAEPSDVDLALSAGR
6 FFYLNQDGPQAFTEDQR
7 NAIHDVTMAR
8 FVDDIDPFIGFIAEEPANDDGTLGPTLSCIGSQFK
9 GSLLPHPEEISGNCFGEDETTGIICGDAGDFR

Total 9 peptides

Supplementary Table 26 - Amino acid substitutions between Nectin variants | | Legend: nonpolar amino
acids — yellow, polar amino acids — green, basic amino acids — blue, acidic amino acids — orange.

Nectin variant 1
Nectin variant 2
Nectin variant 3

Nectin variant 1
Nectin variant 2
Nectin variant 3

101

Non conservative substitutions between variants

161-240D1I| 161-240D 1l |401-480D IIl|561-640DIV|561-640DIV| 641-720DV |721-800DV|721-800DV| 721-800DV |[721-800DV| 801-874DVI |801-874D VI
Glycine (G) | Asparagine (N) | Alanine (A) | Glycine (G) | Histidine (H) |Phenylalanine (F)| Lysine (K) | Glycine (G) |Asparticacid (D)| Serine (S) Proline (P) Arginine (R)
Arginine (R) | Aspartic acid (D) | Threonine (T) [ Serine (S) |Asparagine (N)| Tyrosine (Y) Lysine (K) Serine (S) Valine (V) Glycine (G) | Glutamine (Q) |Glutamine (Q)
Glycine (G) | Aspartic acid (D) | Alanine (A) Serine (S) | Asparagine (N)| Tyrosine (Y) [ Threonine (T)| Serine (S) Valine (V) Glycine (G) Proline (P) Arginine (R)

Conservative substitutions between variants

1-800/D 80-160D1 |481-5600/D|641-720D V| 721-800DV | 801-874D VI

Histidine (H) [ Isoleucine (I) Valine (V) | Arginine (R) | Isoleucine (I) Alanine (A)
Histidine (H) | Isoleucine (I) | Isoleucine (I) | Histidine (H) Valine (V) Alanine (A)
Arginine (R) |Phenylalanine (F)| Isoleucine (1) | Histidine (H) | Valine (V) Proline (P)




