C LIEGE université
P

CHEMICAL DEFENSES OF SEA CUCUMBERS:
INTERACTIONS BETWEEN SAPONINS AND
MODEL PLASMA MEMBRANES

CLAEREBOUDT Emily

Travail de fin d’études présenté en vue de ’obtention du diplome de
Master bioingénieur en Chimie et Bio-industries

Année académique 2016-2017

(Co)-promoteur(s): Magali Deleu (ULg) et Igor Eeckhaut (UMons)









Copyright © Toute reproduction du présent document, par quelque procédé que ce soit, ne
peut étre réalisée qu'avec l'autorisation de l'auteur et de 1'autorité académique de 1I’Université
de Liege - Faculté Gembloux Agro-Bio Tech.

Le présent document n'engage que son auteur.



C LIEGE université
P

CHEMICAL DEFENSES OF SEA CUCUMBERS:
INTERACTIONS BETWEEN SAPONINS AND
MODEL PLASMA MEMBRANES

CLAEREBOUDT Emily

Travail de fin d’études présenté en vue de ’obtention du diplome de
Master bioingénieur en Chimie et Bio-industries

Année académique 2016-2017

(Co)-promoteur(s): Magali Deleu (ULg) et Igor Eeckhaut (UMons)



ACKNOWLEDGMENTS

| would first like to thank my thesis advisors Pr. Magali Deleu of the Laboratoire de Biophysique
Moléculaire aux Interfaces (LBMI) of the Gembloux Agro Bio-tech faculty of the University of Liege
and Pr. Igor Eeckhaut of the “Biologie des organismes Marins et Biomimétisme” (BOMB) lab of the
faculty of Science of the University of Mons for their undivided aid and mentorship through my
thesis. In addition | would like to thank Pr. M-L Faucconier’s and Dr. L.Lins who's office doors were
always open whenever | ran into an obstacle or had a question about my research or writing.
Everyone consistently allowed this paper to be my own work, but steered me in the right the
direction whenever they thought | needed it.

| would also like to thank the experts who were involved in helping me in learning new techniques
through out this research project: Guillaume Caulier, Lola Brasseur, Corentin Decroo, Thomas
Bertrand and Estelle Deboever. Thank you for putting up with my endless curiosity and always
being there for even the tiniest of questions.

Finally, | must express my very profound gratitude to my parents and to my partner in life, Nico, for
providing me with unfailing support and continuous encouragement throughout my years of study
and through the process of researching and writing this thesis. This accomplishment would not
have been possible without them. Thank you.

-Emily



“The more that you read,
the more things you will know.
The more that you learn,

the more places you’ll go.”

-Dr.Seuss



Abstract

Saponins are a very diverse class of secondary metabolites found in plants and some marine
invertebrates. They are amphiphilic molecules composed of a hydrophilic sugar moiety, and a
hydrophobic steroid/triterpenic-like part known as the aglycone. Saponins are studied for their
pharmacological properties such as their anti-fungal, anti-microbial and anti-tumoral activity.
Holothuroids, or sea cucumbers, produce saponins as a chemical defense against predators and
parasites, but interestingly, are immune to the cytotoxic nature of these chemicals. This immunity is
extremely poorly understood. The standing hypothesis, based purely on observation, is that the
rare A and A sterols that replace cholesterol in the cellular plasma membranes of sea cucumbers

are responsible for this immunity, however, the molecular mechanism remains obscure.

The aim of this study was to elucidate the mechanisms behind the immunity of holothuroid to the
cytotoxic saponins (e.g. Frondoside A) they produce but also to describe, at a molecular level, the
interactions that occur between model plasma membranes and saponins. This investigation was
conducted using complementary biophysical tools, using both in silico approaches such as the
Hypermatrix, IMPALA and Big Monolayer simulation models and with an in vitro technique called
Isothermal Titration Calorimetry (ITC). The Hypermatrix method calculates energies of interaction
between a central molecule and a surrounding lipid monolayer, allowing to determine if certain
interactions are more favorable than others. The Big Monolayer uses these energies to simulate a
monolayer composed of different proportions of lipids and saponin. ITC is a technique used to
describe interactions in a thermodynamic framework, and allows for the enthalpy, entropy, free
Gibbs energy and the binding constant of a particular interaction to be determined from a recorded

thermogram.

The structural differences of the holothuroid sterols were first described and compared to the
mammalian membrane sterol: cholesterol. Structural differences of saponins and sterols were
associated with different interaction affinities and mechanisms. Saponin-lipid (both phospholipids
and sterols) interactions were mainly apolar in nature. Interactions with phospholipids were more
favorable than with sterols, and among the sterols, saponins interacted more favorably with
cholesterol than the holothuroid A7 and A%" sterols. Liposomes containing cholesterol resulted in
exothermic interactions with Frondoside A whereas liposomes containing the A’ sterol were
endothermic with the same saponin. Big Monolayer simulations using experimental settings
previously developed for plant saponins revealed that the holothuroid saponin Frondoside A has an
agglomerating effect on cholesterol domains, similarly to the plant saponin. However when
interacting with the A’ sterols, the sterol domains were fragmented into small clusters.

The coevolution of a saponin-A’ sterol pair may be an adaptation required for holothuroid
membranes to inhibit the formation of large membrane disruptive sterol domains in the presence of
saponin.

Key-words: Saponin, holothuroid, Holothuria scabra, model plasma membrane,

membrane interactions, sterol, biophysics, ITC



Résumeé

Les saponines constituent une classe composée de divers métabolites secondaires trouvés dans
de nombreuses plantes mais aussi dans certains invertébrés marins. Ce sont des molécules
amphiphiles composées d’une moitié saccharidique polaire et d’une moitié stéroidique/
triterpénique hydrophobe appelée I’aglycone. Les saponines particulierement étudiées pour leurs
propriétés pharmacologiques telles que leur activité antifongique, antimicrobienne et antitumorale.
Les holothuries, ou concombres de mer, produisent des saponines ayant un rble de défense
chimique envers les prédateurs/parasites mais ne semblent pas affectés par leurs effets
cytotoxiquesL’hypothése , uniquement baséesur des observations, est que les stérols rares A’ et
A% qui remplacent le cholestérol dans les membranes plasmiques des holothuries, sont
responsables de cette résistance. Toutefois, les mécanismes moléculaires impliqués dans cette
résistance restent obscurs.

Cette étude avait pour but d’élucider le mécanisme qui explique la résistance des holothuries
contre les saponines (e.g. Frondoside A) qu’elles produisent, mais aussi de décrire les interactions
«membrane plasmique-saponines» au niveau moléculaire au travers d’une série d’outils
biophysique complémentaires : des approches in silico tels que les modéles Hypermatrix, IMPALA

et Big Monolayer, et une approche in vitro, la Titration Calorimétrique Isothermique (TIC). Les
modeles Hypermatrix calculent les énergies d’interaction entre une molécule cible et une
monocouche de lipides qui identifie les interactions plus favorables que d’autres. Le logiciel
Bigmonolayer utilise ensuite ces énergies pour simuler une monocouche composée de proportions
variables de lipides différents avec ou sans saponine. Le TCI décrit les interactions d’un point de
vue thermodynamique et permet de déterminer I'’enthalpie, I’entropie, I’énergie libre de Gibbs et la

constante de liaison d’une interaction en particulier, a partir d’un thermogramme.

Les stérols d’holothuries et le stérol membranaire des mammiferes (le cholestérol) sont
structurellement différents et les différences structurelles entre les saponines et les stérols résultent
en affinités et mécanismes d’interaction différents. Les interactions saponines-lipides sont de
nature plutét apolaire. Les interactions entre saponines et phospholipides étaient plus favorables
que celles avec les stérols et les saponines interagissent de maniere plus favorables avec le
cholestérol qu’avec les stérols d’holothuries. Les liposomes contenant du cholestérol ont interagi
avec la saponine Frondoside A de maniere exothermique, alors que les liposomes contenant le
stérol A’ ont réagit de maniere endothermique avec cette méme saponine. Les simulations Big
Monolayer, basées sur des conditions expérimentales décrites préalablement avec des saponines
de plante, ont montré que la saponine Frondoside A avait un effet agglomératif sur les domaines
de cholestérol, alors qu’elle a au contraire induit une fragmentation des domaines du stérols A’.

La co-évolution de la paire saponine-stérol A’ pourrait étre une adaptation nécessaire aux
holothuries pour conserver 'intégrité des membranes cellulaires.
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1. Introduction

Chemical Defense Mechanisms in Nature

Some organisms can escape dangerous or unfavorable circumstances. Others can defend
themselves with claws, teeth, or cunning and some can protect themselves by retreating into a shell
or can avoid attack by blending into their surroundings. Many organisms that do not possess
mobility, weapons, intelligence, structural defenses or crypsis utilize chemical means of defense

against predators, pathogens and spatial competitors (Kubanek, 2009).

Generally speaking there are two mechanisms by which an organism can acquire chemical
defensive compounds; either through endogenous means (products of the metabolism of the
defended organism) or exogenous means (products of another organism)(Kubanek, 2009; Good
heart et al., 2016). In endogenous accumulation of chemical compounds, organisms synthesize
toxins using their own metabolic pathways; alternatively in exogenous accumulation it is the diet that
provides the toxin. This process is also known as sequestration (Flrstenberg-Hagg et al., 2014). De
novo bio-synthesis of toxin is common among plants to ward off herbivores and pathogens, for
example the milky latex produced by plants of the Euphorbia genus (Wittstock and Gershenzon,
2002). Examples of sequestration can be found at all levels of the tree of life. The monarch butterfly
represents a classic case of acquired defense, where caterpillars not only tolerate, but also
sequester cardenolides from their milkweed host plants (Asclepias spp., Apocynaceae) and transfer
these toxins to the butterfly stage for their own defense against predators and parasites
(Petschenka and Agrawal, 2015). Among other organisms, nudibranchs of the family
Chromodorididae are known to sequester defensive terpenes extracted from their diet of sponges
(Dewi et al., 2016).

Living organisms produce thousands of different organic compounds of which many have no
apparent function in the basic processes of growth and development, and have therefore been
referred to as secondary metabolites (Berenbaum, 1995). They defend many species of plants,
animals and microorganisms against predators, pathogens and competitors, and can also be
involved in conveying messages to conspecifics and mutualists regarding the presence of food,
mates and enemies (Gershenzon and Dudareva, 2007; Caulier et al., 2013). It is believed that many
of these defensive secondary metabolites are the consequence of the coevolution and adaptation of

predator-prey interactions (Ferrari et al., 2010).

These secondary metabolites whether sequestered or synthesized represent a wide range of
chemical families from acids, small organic molecules or even proteins, and their ecological and
biological activities are divers. These metabolites can be unpalatable or can injure, sicken or Kill
predators or pathogens (Kubanek, 2009). Overall, chemical defenses seem to be an ubiquitous

strategy that enhances the fitness of organisms be it plants, microorganisms, or animals.
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Marine chemical defense mechanisms

Typically, a single cm3 of seawater contains 103 fungal cells, 106 bacteria, and 107 viruses, including
pathogens that can cause widespread mortalities and microbes that initiate fouling of host surfaces
(Kubanek et al., 2003). The large biodiversity found in marine habitats is mirrored by an even larger
molecular diversity of secondary metabolites synthesized in marine animals, plants and microbes
(Konig et al., 2005). Over 20,000 new compounds have been isolated from sponges, ascidians, soft
corals, sea-weeds, marine microbes, and many other benthic and pelagic organisms, with more
being discovered daily (Blunt et al., 2015). This array of secondary metabolites, include terpenes
(Ebel, 2010), steroids (lvanchina et al., 2013), polyketides (Lorente et al., 2014), peptides (Kim and
Wijesekara, 2009), alkaloids (Kuramoto et al., 2004), porphyrins (He et al., 2012), and many more
(Table 1.1). Marine invertebrates, in particular have yielded a larger number of bioactive natural
products than algae have, which is in sharp contrast to the terrestrial environment where plants

(primary producers) are by far the richest source of secondary metabolites (Proksch, 1994).

However the natural function of many of these marine secondary metabolites remains unclear,
although they have often been assumed to be part of defense mechanisms against consumers,
competitors, fouling organisms, and pathogens (Hay, 1996). This suspected function is supported by
a correlation observed between the absence of obvious physical defense mechanisms of an

organism and the presence of unusual chemistry in its tissue (Pawlik, 1993).

In the marine world the most accomplished chemists, rich in secondary metabolites are soft bodied
sessile invertebrates such as sponges, anthozoan corals, echinoderms, polchaetes, bryozoans,
brachiopods, and tunicates, whereas mobile and armored species generally lack secondary
metabolite diversity (Pawlik 1993; Berenbaum, 1995).

For instance, despite their simple morphology, cnidarians (the phylum that includes jellyfish and
corals) are one of the oldest extant lineage of venomous animals and are capable of subduing or
repelling prey and predator species with far more complex body structures (Goodheart et al., 2016).
Utilizing specialized penetrating nematocysts, cnidarians inject the “venom” that initiates toxic and
immunological reactions in the targeted organism (Cuypers et al., 2006). These venoms contain
enzymes, potent pore forming toxins, and neurotoxins (Jouiaei et al., 2015) and can induce local but

also systemic responses in both vertebrates and invertebrates (Suput, 2009).
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Table 1.1. A few examples of marine organisms that use natural chemical products (secondary
metabolites) to defend themselves.

Organism Taxon Active Action Reference
substance

Dendryphiella Fungi Terpenes Cytotoxic Ebel, 2010

salina

(Marine fungus)

Anthopleura Cnidaria Polypeptides neurotoxic and Bruhn et al., 2000
elegantissim cardiotoxic
(Sea anemone)

Sarcophyton sp  Cnidaria Hexadecyl Antimicrobial Dobrestrov et al.,
(Soft Coral) palmitate 2015
Miamira Mollusca Oxy- Dewi, 2016
magnifica polybrominated
(Nudibranch) diphenyl ethers

(O-PBDEs)
Aplysina Porifera Alkaloid Inhibition of Loh and Pawlik 2014
cauliformis acetylcholinesterase
(Sponge)
Toxopneustes Echinodermata Lectin Agglutinating Nakagawa et al.,
pileolus activitiy 2003
(Sea urchin)
Holothuria Echinodermata Triterpene Cytotoxic Vandenspiegel et al.,
forskali (Sea glycosides 2000; Van Dyke et
cucumber) (Saponins) al., 2011

Like nematocysts in cnidarians, many marine organisms have evolved a variety of specialized
organs to deliver chemical signals, others localize them to the tissues most vulnerable or most
accessible to enemies, or release them gradually as a cloud of repulsive chemistry (Kubanek,
2009).

Nudibranchs of the family Chromodorididae for example are known to sequester defensive terpenes
from the sponges they feed on (Dewi et al.,, 2016), in addition to chemical sequestration aeoloid
nudibranchs have been documented to sequester the entire nematocyst structure from their prey. In
both instances the materiel sequestered is stored in high concentrations in the fleshy dorsal organs
called cerata (Obermann et al., 2012). Chemical sequestration is widespread among animals, but
the ability to sequester entire structures, such as organelles, appears to be rare. Nematocyst
sequestration has evolved multiple times, and has been documented in Ctenophora, Acoelomorpha,

Platyhelminthes, and Mollusca (Goodheart et al., 2016).

A repulsive cloud of secondary metabolites is the type of delivery system involved in the antifouling

nature of some marine natural products. In fact several marine natural products exhibit antifungal
3
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and antibacterial properties in laboratory conditions (Pawlik 1993), unfortunately adequate methods

for testing the antifouling role of these metabolites in vivo are lacking (Krug, 2006).

Another group of species rich in secondary metabolites, in the phylum Cnidaria are the Alcyonacea
also known as soft corals, that contrary to scleractinian corals, do not produce an extensive calcium
carbonate skeleton. The large, fleshy colonies rely on a vast array of defensive secondary
metabolites. For example methanol: chloroform (1:1) extracts of some soft coral species have
demonstrated antimicrobial activity due to the presence of a mixture of hexadecyl palmitate and
hexadecyl stearate, which when pure inhibited the growth and attachment of marine biofouling
bacteria. This suggest that soft corals have developed a chemical mechanism to combat microbial
infections and inhibit bacterial fouling (Dobrestrov et al., 2014). This could also be true for other

slow moving or sessile marine invertebrates.

Defenses mechanisms in echinoderms

Echinoderms form a phylum of mostly benthic marine invertebrates, found in a continuous
distribution from the intertidal zone to the deepest depths of the ocean. They are a sister group to
the chordates and are basal deuterostomes (Bourlat et al., 2006). Approximately 7,000 extant
echinoderm species have been described, falling into five classes: Echinoidea (regular and irregular
sea urchins), Holothuroidea (sea cucumbers), Asteroidea (sea stars or starfish), Crinoidea (sea lilies
and feather stars) and Ophiuroidea (brittle stars and basket stars), as well as a number of extinct
classes known only from the fossil records (Fig. 1.1.). Echinoderms feed in a variety of ways, some
are suspension feeders (Crinoidea Ophiuroidea), some are scavengers of even predators
(Asteroidea) and the majority of holothuroids are deposit feeders that actively contribute to the
bioturbation of sedimentary organic matter and play an important role in the detritus food web by
recycling the organic matter and oxygenating the sediment (Coulon and Jangoux, 1993; MacTavish
et al., 2012; Purcell et al., 2016).
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Figure 1.1. Photographs of the 5 classes of the phylum of echinoderms. 1. Echinoidea (sea
urchins); 2. Asteroidea (starfish); 3. Crinoidea (sea lilies and feather stars); 4. Holothuroidea (sea
cucumbers) expelling its Cuvier tubules; 5.0phiuroidea (brittle stars). Scale bars represent 5 cm.
Sources: Photographs 1, 3 and 4 from Michel Claereboudt, Photograph 2 from Emily Claereboudt
and photograph 5 from www.amongthereef.com

Echinoidea have characteristic spines which play key functional roles. They protect the body from
predators and water born particles, are involved in locomotion (acting as stilts in some taxa) and
burrowing (in the so-called “irregular sea urchins”) and are part of a photoreceptor system (Al-
Wahaibi and Claereboudt, 2017). If for some species, for example Paracentrotus lividus (also known
as the purple sea urchin) each fully grown spine is a single crystal of magnesium calcite (Moureaux
et al., 2010), for others, the spines of the Diadema genera are made of a spiral stack of triangular
pieces (Coppard et al., 2004). For some species this physical barrier is accompanied by venomous
proteins with agglutinating properties. The venom is delivered either by a venomous membrane
covering the tips of the spines, or via small structures known as pedicellariae that contain venom
glands and fangs (Nakagawa et al., 2003). Sea urchins also produce secondary metabolites called
spinochromes, primarily known to be involved in pigmentation, but also have anti-microbial

properties suggesting a role in defense against the external environment (Brasseur et al., 2017).

In some starfish such as Acanthaster planci, the numerous spines of the aboral surface contains

venomous cells that liberate a complex mixture of venom into possible predators (Lee et al., 2014).

On the other hand, a common defensive practice in some starfish, crinoids and ophiuroids is
autotomy which refers to the adaptive, and voluntary detachment of an arm or part of an arm. The
detachment, and regeneration of a limb when under attack, allows the organism to make its escape,
while the predator is distracted by the limb (Wilkie, 2001).


http://www.amongthereef.com

Introduction

The typically large, often fleshy body of sea cucumbers lack external spines and have developed a
unique system of defense mechanism. Within the class Holothuroidea many species of the
Aspidochirotida order (deposit feeding sea cucumbers with spade like oral tentacles), but not all,
possess a very specialized defensive system: the Cuvierian tubules (Fig. 1.1.3). When irritated, the
animal curves its aboral end toward the irritating object and undergoes a general contraction that
increases the hydrostatic pressure inside the general cavity of the animal. The Cuvierian tubules,
together with some coelomic fluid, are then vigorously expelled. The tubules lengthen, instantly
become sticky and rapidly immobilize the threatening organism (Vandenspiegel et al., 2000;
Flammang 2002). This effective physical defense is also coupled with a group of cytotoxic
secondary metabolites called saponins concentrated in the tubules (Van Dyke et al., 2011). Among
echinoderms, only holothuroids and asteroids produce these saponins (Mackie et al., 1976; Friess
et al., 2002).

There are numerous phylogenetic parallels in the biosynthesis of low molecular weight natural
products between starfishes, sea cucumbers, and the other echinoderms that suggest a
monophyletic origin of many biosynthesis pathways in echinoderms (Bondoc et al., 2013). However,
at the same time metabolites such as triterpene glycosides (saponins), some gangliosides, A%(1)
sterols, steroid oligo-glycosides are associated to distinct classes. Of particular interest among them
as chemotaxonomic characters are triterpene glycosides from sea cucumbers, which have been
used in a classification of Holothurioidea that mirrors the classic phylogeny of the class (Stonik,
1988; Kalinin et al., 2005).

Saponins: a chemical defense system for many

Saponins form a large and diverse group of secondary metabolites produced by several terrestrial
and marine organisms. These natural products are well documented in plants (Vincken et al., 2007),
but also occur in marine sponges (Kubanek et al., 2002; Genta-dJouve et al, 2015), starfish
(Demeyer et al., 2014; 2015), and sea cucumbers (Kalinin et al., 2008; Bondoc et al., 2013; Caulier
etal., 2011; 2016).

The term ‘saponin’ is derived from the Latin sapo (Engl.: soap) reflecting their ability to form stable
soap-like foams in aqueous solutions. This characteristic is caused by the amphiphilic nature of
saponins due to the covalent linkage of a lipophilic isoprenoidal-derived aglycone to a hydrophilic

saccharide moiety (Augustin et al., 2011).
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Figure 1.2. The proposed biosynthetic route of sterols and triterpenes in plants (adapted from
Thimmappa et al., 2014). Sterols and triterpenes are synthesized via the mevalonic acid (MVA)
pathway. The enzymes that catalyze the various steps are indicated in Blue. Enzyme
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monooxygenase or epoxidase; SHC, squalene-hopene cyclase; LAS, lanosterol synthase; CAS,
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Saponin structure and classification

Saponins are often subdivided into two main classes, the triterpenoid and the steroid saponins
(Vincken et al., 2007), which are both derived from the linear 30 carbon atom containing precursor
oxidosqualene (Moses et al., 2014). Both the triterpenoid and steroidal aglycone backbones are
isoprenoids that are synthesized from isopentenyl pyrophosphate (IPP) units generated by the
mevalonate (MVA) pathway (Moses et al., 2014) (Fig. 1.2). The 2,3-oxidosqualene is then cyclized
by a variety of oxidosqualene cyclases (OSCs) to form a vast variety of polycyclic structures (Fig.
1.2). As such, nine main classes of triterpene backbones have been documented to be synthesized
by plants (Vincken et al., 2007; Moses et al., 2014). In plants the aglycones can then be tailored
with oxidoreductases, and a series of cytochrome P450-dependent monooxygenases (P450s)

before being glycosylated with multiple sugar moieties (Friedman, 2006).

Holothuroid saponins

Historically it has been known that some holothurian species contain toxins. In the southern Pacific
and Tokara Islands (islands of southern Japan), a peculiar fishing method using sea cucumbers is
employed. The autochthones catch paralyzed fish after they throw extracts or fragments of sea
cucumbers into tidal pools. This toxic effect has been attributed to the presence of saponins in the

sea cucumber (Matranga and Muller, 2005).

Over 700 saponins have been described so far in holothuroidae (Bahrami et al., 2015). Holothuroid
saponins are of the triterpenoid class. Similarly to plants, these marine saponins are synthesized
from the precursor, squalene. In sponges and starfish, the squalene is cyclized into lanosterol which
gives way to steroidal saponins (Fig. 1.2). However in holothroidae squalene is cyclized into
parkeol, which is then rearranged to form the most abundant holothuroid aglycone, holostanol (Fig.
1.3). These two aglycone backbones differ due to the position of the double bond that is positioned
between C8 and C9 in lanosterol (Fig. 1.2) and between C9 and C11 in parkeol (Fig. 1.3) (Ker et al.,
1995). In sea cucumbers, the sugar residue has only one branch (Kalinin et al., 2005), whereas
plant saponins may contain one, two or three saccharide chains, with a few having an acyl group
bound to the sugar moiety (Bahrami et al., 2015). The oligosaccharide moiety of holothuroid
saponins can contain up to six sugar units including mainly glucose, 3-O-methylglucose, quinovose

and xylose which can be sulfated or non-sulfated (Caulier et al., 2016; Decroo, 2014).
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Figure 1.3. Parkeol rearranges to give Holostanol the most abundant aglycone precursor of
Holothuroid triterpene saponins.

Saponin profiles differ in function of the species (Caulier et al., 2011), of the body component
(Kobayashi et al., 1991; Van Dyck et al., 2009, 2010), the sex (Decroo, 2014), and the maturity of
the individual (lyengar and Harvell, 2001), both qualitatively (different saponin mixtures) and
quantitatively (different concentrations).

If saponins have been recovered from most tissues of sea cucumbers, their concentration seems to
increase in Cuverian tubules (Van Dyck et al., 2010). This localization of saponins in the Cuverian
tubules is consistent with their cytotoxic effect on most organisms. They probably act as a chemical
defense repelling predators (Kalinin et al., 1996). In addition, Van Dyck et al. (2011) highlighted that
some saponins could be specifically emitted by holothuroids in the surrounding seawater, potentially
acting as chemical “aposematic” signals, deterring predators and settling larvae. All combined
reports therefore suggests saponins have an important and complex ecological function, the most
important being probably defense (Van Dyck et al., 2011; Eeckhaut et al., 2015; Bahrami et al.,
2016; Park et al., 2014).

In addition to the toxic nature of saponins, some organisms including the Harlequin crab,
Lissocarcinus orbicularis, are involved in a symbiotic relationship with sea cucumbers and uses
these secondary metabolites: it has been shown that saponins act as kairomones recognized by
these crabs, allowing them to locate their hosts (Caulier et al, 2013). Additional functions of
saponins are currently being explored including the possible role that saponins may play in

intraspecific communication during gonad maturation and spawning (Watson et al., 2003).

Triterpene glycosides also have some taxonomic specificity for different species and genera of sea
cucumbers and even for taxa of supra-genus level (Bondoc et al., 2013). The glycosides have quite
complicated structures and may be distinguished by many independent characters: the type and
number of monosaccharide units in the carbohydrate chain, the number and positions of sulfate
groups attached to monosaccharide units, the position of double bond in the cyclic system of the
aglycone, the number and position of double bonds in the side chain of the aglycone and the
number and different position of hydroxy-, epoxy-, acetyl- and oxo- groups in the aglycone etc.
(Kalinin et al., 2005).
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Biosynthesis of saponins

In general very little is known about the site, enzymes or biochemical pathways involved in saponin
biosynthesis both in plants and marine invertebrates. The genes involved in the biosynthesis of both
types of saponins (triterpenoid and steroid) in plants can however be grouped into four main
categories based on their characteristic reactions. This includes the OSCs (oxidosqualene cyclases)
that cyclizes squalene, P450s (P450-dependent monooxygenases) that modify the aglycone, UGTs
(UDP-dependent glycosyltransferases ) and other tailoring enzymes (mostly encoding transferases)
(Moses et al., 2014; Thimmappa et al., 2014 ). Recently, numerous examples of gene clusters for
the biosynthesis of different classes of specialized metabolites have been discovered in a variety of
plant species, including clusters for saponin biosynthesis (Moses et al., 2014). Although there is still
a wide gap in our understanding of saponin biosynthesis in plants, recent molecular insights
continue to be published. Saponin biosynthesis in echinoderms and more particularly in sea
cucumbers remains more obscure, and research is outdated. Older research has identified that a
“Cuvier gland” is the site of saponin biosynthesis (Kerr and Chen, 1995). However this gland has
never previously been described in the anatomy of sea cucumbers. Perhaps the author intended to
identify Cuverian tubules (defensive sticky filaments) as the site of the biosynthesis. If so, this would
not be coherent with saponin production in holothuroid species lacking Cuverian tubules. A tentative
relationship between the biosynthesis of rare holothuroid sterols, triterpene saponin, and the
metabolism of dietary cholesterol has been briefly explored, but the research is outdated and merits
re-investigation (Mackie et al., 1976; Stonik et al., 1998; 1999). Further research therefore needs to

be carried out on the biosynthesis of saponins in these marine invertebrates.
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Holothuria scabra: a sustainable source of saponins
For centuries, sea cucumbers have
been consumed by Chinese people
as a food delicacy and also have
been used in traditional Chinese and
Malaysian medicine. Therefore,
processed sea cucumbers, also
called trepangs or Béche-de-mer,
have a high commercial value on
Chinese markets (Conand, 2004).
Although around 60 holothurian

species are fished commercially

around the world, only a few yield
Figure 1.4. Sea cucumber farm for H. scabra in southwest

first grade trepang. The sandfish H.
Madagascar. Source: BlueVenture NGO

scabra is one of these species and

can fetch between around 40 and 85 € per kg of dry weight (Hamel et al., 2001).

Indian Ocean Trepang (IOT) is a sea cucumber aquaculture farm industry based in the southwest of
Madagascar, Toliara, which produces and prepares trepang from the most valuable local exploited
sea cucumber species, the sandfish Holothuria scabra (Jaeger, 1833) (Caulier et al., 2013).
Trepang processing involves sea cucumber evisceration, salting, cooking for several hours in boiling
water, and finally drying into trepang (Conand, 1979). The viscera of the animals are by-products
that are currently discarded during the processing of the sea cucumber into trepang, and are
therefore an ideal sustainable source of saponins (Fig. 1.4). The valorization of this by-product of
the sustainable aquaculture of sea cucumbers could potentially be very profitable for the industry.
Although a few patents exist for the extraction and purification of holothuroid saponins (US Patent
7,163,720 B1; Avilov et al., 2007), the industrialization and profitability of this way of valorizing this

by-product has not been investigated.

The saponin profile of the discarded digestive tubes of H. scabra has not yet been described in the
literature, however six saponins have been described in the body wall of the species (Fig. 1.5)
(Caulier et al., 2013). Scabraside B and Scabraside A are the most abundant saponins found in the
body wall of H. scabra (Han et al., 2009), and are therefore the most interesting to isolate and purify

for commercialization.
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Figure 1.5. Structural diversity of saponins in the body wall off Holothuria scabra. Scheme
adapted from Caulier et al. (2013).The sugar chain on the C3 of the aglycone is composed of B-
D-xylose, B-D-quinovose, B-D-glucose, and 3-O-methylglucose.

Biological activities of saponins

Saponins are characterized by a large chemical diversity and a wide variety of pharmacological
activities. Several patents have been filed throughout the world in relation to triterpene glycosides
and includes various industrial or semi-industrial extraction methods, isolation of individual
compounds, quantification and modification using isotopes for pharmacokinetic studies (Yu et al.,
2012), inclusion of saponins in functional foods (Bordbar et al., 2011) and other products (US Patent
N°5,166,139, Bombardelli et al., 1992) as well as in disease prophylaxis (de Groot and Miiller-
Goymann, 2016; Rajput et al., 2007; Fernandez-Tejada et al., 2014), immunostimulation (Aminin et
al., 2016) and even possible cancer treatments (Aminin, Menchinskaya et al,. 2015). Historically,
many pharmaceutical drugs have originated from traditional medicines used for centuries by
indigenous populations (Werner and Muller, 2005). For saponins, recent patents, articles in peer-
reviewed journals and numerous active compound discoveries support a similar development

model.

Among the 700 saponins isolated from many species of sea cucumbers (Bahrami and Franco,

2015), significant activities have been reported including but not limited to: hemolytic (Baumann et
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al., 2000; Kalinin et al., 1996), antibacterial (Mashjoor and Yousefzadi 2016), antifungal (Shimada,
1969; Yuan, et al., 2008), cytotoxic (Althunibat et al., 2013; Tiane et al., 2013), ichthyotoxic
(Eeckhaut et al., 2015) and anti-tumoral (Moghadam et al., 2016) activities. Even as early as 1969,
Shimada reported the antifungal activity of the holothurian saponin, holotoxin, and patented the
toxin as a cure for athlete’s foot disease and commercialized it (Matranga and Muller, 2005). More
recent research has demonstrated that H.scabra extracts also exhibits anti-parkinsons activity in the
model worm Caenorhabditis elegan (Chalorak et al., 2017).

Paradoxically, the biological roles of saponins in marine animals are still very speculative (Bordbar
et al., 2011) as are the molecular mechanisms behind these biological activities. Most of the
activities of these saponins result from their surface-active properties and interactions with cellular
membranes (Vo et al., 2017). The ability of the glycosides to form complexes with 5,6-unsaturated
sterols of target cell membranes is thought to determine their biological activity including
ichthyotoxic action that may protect sea cucumbers against fish predation (Popov 1983; 2003;
Eeckhaut et al., 2015; Brasseur et al., 2016). This complexing reaction leads to the formation of
pores, permeabilization of cells and in the case of red blood cells the subsequent loss of
haemoglobin in the extracellular medium (Lorent et al., 2014b; Eeckhaut et al., 2015). Another
biological role of the glycosides as reproduction regulators is caused by their ability to increase
microviscosity of the oocyte membranes inhibiting Ca2+ transport into the cells and thus early oocyte
maturation with subsequent synchronization of sea cucumber oogenesis (Kalinin et al., 2005).
Winter (Winter, 1994) proposed a different mechanism in which the interaction of saponins with the
water channel aquaporin results in an increase of the water transport inside the cells inducing the
haemolysis of erythrocytes (Gauthier et al., 2009). It is evident that although the cytotoxic nature of
saponins is well documented, the mechanisms behind their various biological activities remain

poorly understood.
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Lipid plasma membranes

Throughout the biological world, a 3 nm hydrophobic film is responsible for delimiting individual cells
from the environment. Biochemical and biophysical findings have provided detailed models of the
composition and structure of plasma membranes, which includes levels of dynamic organization
both across the lipid bilayer (lipid asymmetry) and in the lateral dimension (lipid domains) of
membranes (van Meer et al., 2008; DePierre and Karnovsky, 1973) (Fig 1.6).

Outside of cell
Sphingomyelin Glycolipid Cholesterol Phosphatidylcholine

ﬂw

Phosphatidylserine Phosphatidylinositol Phosphatidylethanolamine

Cytosol

Figure 1.6. Scheme of the phospholipid plasma membrane bilayer, illustrating asymmetric
distribution of phospholipids.

Plasma membranes are composed by three main classes of lipids: glycerolipids (mainly
phospholipids—PL), sphingolipids and sterols. However, between species or cell types within a
species, the lipid composition of membrane can show a high degree of diversity (Deleu et al., 2014)

(Table 1.2).
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Table 1.2. Lipid composition in molar % of different cell membranes in eukaryotic and prokaryotic
organisms (adapted from Deleu et al., 2014)

Lipids Eucaryote cells Procaryotic cells
Human S. cereviciae A. thaliana S. aureus E. coli
erythrocyte leaves Gram+ Gram -

PC 16 25 17

PE 15 10 18 82

PE 7 3 3 Traces

PS 4 58 6

CL ~2 42 12

PI 0.5 9 5

PA 1 5

SL 14(SM) 10-20 7

Sterol 46 (Cholesterol) 30-40 (Ergosterol) 46 (Sitosterol)

Others 0.5

PC: phosphatidylcholine, PE: phosphatidylethanolamine, PS: phosphatidylserine,
PG: phosphatidylglycerol, CL: cardiolipin, Pl: phosphatidylinositol, PA: Phosphatidic acid,
SL: sphingolipid, SM: sphingomyelin

Phospholipids

The major structural lipids in eukaryotic membranes are glycerophospholipids: such as
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and
phosphatidylinositol (Pl). Their hydrophobic portion is a diacylglycerol (DAG), which contains
saturated or cis-unsaturated fatty acyl chains of varying lengths. PC accounts for >50% of the
phospholipids in most eukaryotic membranes (Deleu et al., 2014). Phospholipids self-organize
spontaneously as a planar bilayer in which each PC has a nearly cylindrical molecular geometry,
with the lipidic tails facing each other towards the middle of the membrane and the polar
headgroups interfacing with the aqueous phase (Fig.1.6) (Risselada et al., 2008). Whereas all lipids
are symmetrically distributed between the two leaflets of the endoplasmic reticulum (ER) membrane
bilayer, the Golgi, plasma and endosomal membranes display an asymmetric lipid distribution with
sphingomyelin (SM) and glycosphingolipid (GSLs) on the non-cytosolic (lumenal side), with PS and
PE enriched in the cytosolic leaflet (Fig.1.6) (van Meer et al., 2008).
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Figure 1.7. Structure of the major phospholipid species in both sea cucumbers and fish. A.
Phosphatidyl choline composed of a polar phosphocholin group on the glycerol backbone that
also bonds with apolar fatty acids that can vary in composition. B. phosphatidyl ethanolamine
composed of a polar phospho-ethanol-amin group on a glycerol back bone with a polar fatty acid
that can vary in composition.

The general composition of phospholipids in sea cucumber and fish appear similar, with the main
type of polar heads being PC and PE (Lou et al., 2012; Thomas and Patton, 1971) (Fig. 1.7, Table
1.3).

The physical properties of the plasma membrane are determined by its composition of individual
phospholipids and therefore by the fatty acids (FA) composing the phospholipids. The degree of
unsaturation of the FAs is important in determining the fluidity of the membrane and in providing the
correct environment for membrane functions (Dufourc, 2008). In fishes and other poikilotherms the
degree of unsaturation of membrane fatty acids is also important in the process of adaptation to

different environmental temperatures (Bell et al., 1986).
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Table 1.3. Composition (%) of the phospholipid lipid fraction of sea cucumber body wall and fish
gills (Lou et al., 2012; Thomas and Patton, 1971) .

Sea cucumber Fish
Apostichopus japonicus Paralabrax maculatofasciatus
PC Phosphatidyl choline 58.9 61.8
PE Phosphatidyl ethanolamine  24.8 17.6
SM  Sphingomyelin 2.1 6.4
PS Phosphatidyl serine 1.7 9.7
Pl Phosphatidyl Inositol 4.0 5.7
DPG Diphosphatidyl glycerol NA trace
LPC Lysophosphatidyl choline NA NA

Sterols

Sterols are another crucial component of plasma membranes. Sterols are critical for the formation of
liquid-ordered membrane states (lipid “rafts”) that play an important role in fundamental biological
processes such as signal transduction, cellular sorting, cytoskeleton reorganization, asymmetric
growth, and infectious diseases (Deleu et al., 2014). According to a recent definition, rafts are small
(<200 nm) heterogeneous, highly dynamic, sterol and sphingolipid enriched domains that
compartmentalize cellular processes (Risselada and Marine, 2008). Sterols have been proposed as
key molecules to maintain membranes in a state of fluidity adequate for function (Dufourc, 2008).
While cholesterol (Fig. 1.8 A) is the major sterol of vertebrates, ergosterol plays a key role in fungi,

and plants usually possess more complex sterol compositions (Cacas et al., 2016).

In mammals the plasma membrane of lung cells have a phospholipid:cholesterol (P:C) ratio of
around 3:1 whereas in fish gills the P:C ratio is of 2:1 (Zabelinskii et al., 1995). Fish gills are
characterized by an expansive epithelial surface in direct contact with the external environment thus
being critical to gas and water exchange. Cholesterol increases the order in lipid bilayers and
therefore reduces the transmembrane permeability of water and other small non-electrolytes
(Robertson and Hazel, 2008). The elevated cholesterol content in plasma membranes isolated from
gills as opposed to other tissues (kidney and liver) (Robertson and Hazel, 2008) suggests that
cholesterol appears to provide an advantageous structural mechanism to limit passive water

permeability in gill barrier membranes.

However, the composition and functional roles of sterols in marine invertebrate plasma membranes
remain obscure. Ever since earlier studies on echinoderm sterols, the most striking feature of the
phylum has been the dichotomy between the crinoids, ophiuroids and echinoids which contain AS-

sterols (such as cholesterol) like most animals, and the holothuroids and asteroids which contain
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majoritarily A7-sterols (Scheuer, 1978). The same dichotomy also appears in the production of

saponins, as only the class of holothuroids and asteroids synthesis saponins.

Unfortunately the quantification of the composition of plasma membrane of holothuroids remains
unknown. A few studies have investigated the free sterol composition of these organisms (Stonik et
al., 1998), revealing a complex diversity of new and rare sterols (Brasseur et al., 2016) compared to
most animals. The relative abundance of A7:A%(11):A0:A5 compounds was found to be of =4:2:1.5:1.
The most abundant A7 sterol being 5a-Cholest-7-en-33-ol (Fig. 1.8 B), at approximately 15% of the
free sterol fraction of the body wall extract of H. scabra, followed by the A% sterol 4a,14a-
dimethyl-5a-cholest-9(11)-en-3B-ol at 13.4% (Fig. 1.8 C) (Stonik et al.,1998).

Saponins and lipid membranes

Many sea cucumbers belonging to the family Holothuriidae are more toxic than other species of this
class due to a higher content of toxic tr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>