Harold Moundoyi 
  
Josselin Demouy 
  
Sophie Le Panse 
  
Julia Morales 
  
Benoît Sarels 
  
Patrick Cormier 
email: cormier@sb--roscoff.fr
  
Sophie Lepanse 
  
  
  
  
  
  
Toward Multiscale Modeling of Molecular and Biochemical Events Occurring at Fertilization Time in Sea Urchins

Keywords: Sea urchin, fertilization, sperm swimming, egg activation, Ca 2+ signaling pathway, mRNA translation, systems biology

published or not. The documents may come   L'archive ouverte pluridisciplinaire

Introduction

The events that occur at fertilization and during the early embryonic development of the sea urchin represent, for biologists, a fascinating system of study to understand the molecular and biochemical mechanisms that preside at the beginning of the life of a metazoan. The succession of molecular, biochemical and cellular events that follow fertilization of the sea urchin egg gives the opportunity to approach their integration into different spatio--temporal contexts.

Sea urchin embryos have been extensively used in laboratories for more than one century and are particularly useful for studying fertilization, the crucial process by which most sexually reproducing individuals begin [START_REF] Briggs | In the beginning...animal fertilization and sea urchin development[END_REF][START_REF] Santella | Fertilization in echinoderms[END_REF]. Sea urchins are gonochoric and gametes are very easy to obtain in large quantities. The sea urchin fertilization process is external and sperm swimming plays a key role for the navigation towards the egg so that the two mature and competent gametes may fuse. The size of the sea urchin egg (≈100 µm diameter) and their optical characteristics make them particularly interesting for manipulation, microinjection and observation under optical microscopy [START_REF] Stepicheva | High throughput microinjections of sea urchin zygotes[END_REF][START_REF] Angione | Simple perfusion apparatus for manipulation, tracking, and study of oocytes and embryos[END_REF]. Therefore, it is easy to observe the elevation of the fertilization envelope first described in 1847 by Derbès as a "circular line" encompassing the egg following fertilization [START_REF] Wong | Renovation of the egg extracellular matrix at fertilization[END_REF][START_REF] Derbès | Observations sur le mécanisme et les phénomènes qui accompagnent la formation de l'embryon chez l'oursin comestible[END_REF].

In advanced high school, community college, and university biology laboratory courses, fertilization envelope elevation serves classically as the first indication of sperm-mediated egg activation [START_REF] Vacquier | Laboratory on sea urchin fertilization[END_REF]. The induction by the sperm and the spread of the fertilization envelope elevation around the egg is triggered by a calcium signaling process [8--10]. Calcium first increases at the point of sperm--egg interaction and crosses the egg as a wave to the antipode [START_REF] Hafner | Wave of free calcium at fertilization in the sea urchin egg visualized with fura--2[END_REF]. This calcium wave is responsible for sea urchin egg activation, which can be characterized in part by the fertilization envelope elevation, the increases of protein synthesis, and the entry into the cell cycle [START_REF] Steinhardt | Activation of sea--urchin eggs by a calcium ionophore[END_REF][START_REF] Poenie | Changes of free calcium levels with stages of the cell division cycle[END_REF].

Unfertilized sea urchin eggs have completed their meiotic maturation and are physiologically blocked at the G1 stage of the cell cycle. Fertilization triggers entry into S--phase and completion of the first mitotic division of the embryonic division. Thanks to the large amount of eggs recovered and the synchrony of fertilization and cell cycle events, these gametes have been useful material for biochemical investigations of calcium--mobilizing second messengers, cell cycle actors and protein translation control triggered by fertilization [14--16]. The sea urchin embryo is also a major system for studies on the mechanisms of gene regulation in early development [START_REF] Davidson | Specification of cell fate in the sea urchin embryo: summary and some proposed mechanisms[END_REF].

Because of the remarkable usefulness of the early embryos as a research model system for modern molecular, cell, and developmental biology, the genome of the sea urchin was sequenced [18]. This sequencing gave researchers the opportunity to learn a great deal about the components of key signaling pathways induced by fertilization [19--23].

Furthermore, the sea urchin genome sequence provides strong support for the "bilaterian regulatory toolkit" and gives new insight into the evolution of gene interactions that form the so--called Gene Regulatory Network regulating embryonic development embryogenesis [START_REF] Arnone | Echinoderm systems for gene regulatory studies in evolution and development[END_REF][START_REF] Howard--Ashby | High regulatory gene use in sea urchin embryogenesis: Implications for bilaterian development and evolution[END_REF].

The complex nature of the vast networks activated by fertilization that allow the beginning of the embryonic development and successive cell divisions represents an important challenge to understanding their dynamics, regulations and functions. The propagation of the calcium wave and its biological implication in terms of the activation of the egg involve several mechanisms and sub--processes that connect intracellular molecular interactions to the scale of a cell. The quantitative modeling of such a multiscale system depends upon mathematical tools and the extensive use of computational simulations [START_REF] Meier--Schellersheim | Multiscale modeling for biologists[END_REF].

We review here previous theoretical and experimental works, which aim to model three of the main molecular, metabolic, sub--cellular and cellular events triggered by the sperm and the egg at the time of fertilization and during the first mitotic division of the sea urchin embryo. Providing a nontechnical overview of mathematical/ bioinformatic models using the sea urchin early developmental system, in different context of scales of time and space, we wish to demonstrate that the sea urchin represents an interesting system for multiscale modeling analyses (Figure 1).

From Ca 2+ signaling pathway to sperm navigation.

In many species eggs secrete chemoattractants from surrounding jelly layers to influence sperm swimming towards their source. The chemotactic behavior of sperm towards the egg is controlled by flagellar curvature alterations, which depend on intracellular Ca 2+ concentration [Ca 2+ ]i oscillations [27]. In Strongylocentrotus purpuratus, speract a decapeptide, which is present in and diffuses from the external layer of the egg, binds to a receptor located in the flagellar membrane of the sperm. It activates a finely regulated signaling pathway, which produces a train of intracellular Ca 2+ concentration ([Ca 2+ ]i) oscillations. The ([Ca 2+ ]i) response is characterized by a sustained (tonic) increase in ([Ca 2+ ]i) followed by superimposed fluctuations of that response (supratonic) (review in [START_REF] Darszon | Sperm--activating peptides in the regulation of ion fluxes, signal transduction and motility[END_REF]). When speract binds the extracellular side of the receptor (SR), it activates latent guanylyl cyclase (GC) activity in the cytoplasmic side of the receptor, which produces cGMP [START_REF] Galindo | Participation of a K(+) channel modulated directly by cGMP in the speract--induced signaling cascade of strongylocentrotus purpuratus sea urchin sperm[END_REF]. The increase of cGMP triggers the opening of a cGMP--regulated K + channel (KCNG) leading to a hyperpolarization of the membrane potential (V), which triggers the following four main processes: 1.) The Na + /Ca 2+ Exchanger (NCE) is activated and consequently induces a decrease in the [Ca 2+ ]i level. 2.)

The Na + /H + pump is activated and consequently the intracellular pH (pHi) increases.

The pHi elevation inhibits the GC activity and activates a soluble Adenylate Cyclase (AC), which produces cAMP. 3.) The elevation of cAMP activates a Hyperpolarization-activated and Cyclic Nucleotide gated channel (HCN), and a cAMP--dependent calcium channel, which tends to repolarize the membrane potential. 4.) Repolarization removes the inactivation of the high and low voltage--activated Ca 2+ channels (HVA and LVA), triggering the opening of these channels and consequently depolarization and an increase of the [Ca 2+ ]i level. The oscillation of [Ca 2+ ]i requires a new hyperpolarization that is achieved by a Ca 2+ --dependent Cl --channel (CaCC) and a Ca 2+ --dependent K + channel (CaKC) that are opened when the [Ca 2+ ]i level is high. The processes are cyclically repeated to produce a train of [Ca 2+ ]i oscillations. In parallel, basal [Ca 2+ ]i levels are maintained by a constant passive Ca 2+ extrusion through the Calcium pump (CaP) and the NCE. The cyclic alternation of hyperpolarization and repolarization generates the train of oscillations in [Ca 2+ ]i that control the pattern of the sea urchin sperm swimming [START_REF] Espinal | Discrete dynamics model for the speract--activated Ca2+ signaling network relevant to sperm motility[END_REF].

Based on the regulatory logic of the interactions rather than on their kinetic details, the group of Martinez--Mekler modeled the speract--activated Ca 2+ signaling pathway network that controls the sperm motility [START_REF] Espinal | Discrete dynamics model for the speract--activated Ca2+ signaling network relevant to sperm motility[END_REF]. They adopted a discrete dynamics formalism acting on a logic representation for the pathway. The logical signaling network consists of about twenty nodes representing the principal elements involved in the pathway (Figures 2A and2B). Each node has its own regulatory function and for the construction of these regulatory functions, they used all biological knowledge of an electrophysiological nature available in the literature and their laboratory. In order to study the dynamics of the system, they implemented a discrete formulation derived from a boolean approach. The behaviour of most of the nodes is binary, meaning inactive or active, present or absent, closed or open. A few nodes are required to be represented by three--state variables such as the [Ca 2+ ]i (basal 0, tonic 1 and supratonic 2) and the membrane protential (hyperpolarized 0, resting 1 and depolarized 2). An example of the time evolution representation of the network is illustrated in Figures 2C and2D. They validated their network model by comparing the outgoing dynamics of the system with previously available experimental data as well as with new experiments suggested by predictions. In all cases, the numerical simulations of the network model were in good agreement with experimental determinations. Interestingly, model prediction helped clarify the role of different elements in the network. In this context, the model was used to predict that the Ca 2+ CatSper channel is the main Ca 2+ channel involved in the regulation of sea urchin sperm motility [START_REF] Espinal--Enriquez | Network model predicts that CatSper is the main Ca2+ channel in the regulation of sea urchin sperm motility[END_REF].

From Ca 2+ wave to fertilization envelope elevation.

The view that calcium is essential for egg activation in metazoans and more specifically in marine invertebrate deuterosome has been extensively reviewed [8--10,32]. The hypothesis of Ca 2+ release following fertilization of sea urchin was first tested in the mid--20 th century [START_REF] Mazia | The release of calcium in Arbacia eggs on fertilization[END_REF]. Using the luminescent calcium sensor aequorin, calcium release triggered by ionophore treatment and fertilization was demonstrated in sea urchin eggs [START_REF] Steinhardt | Activation of sea--urchin eggs by a calcium ionophore[END_REF][START_REF] Steinhardt | Intracellular calcium release at fertilization in the sea urchin egg[END_REF].

In sea urchin eggs two independent types of Ca 2+ increases have been observed following fertilization. The first one is a small initial cortical flash, which is a consequence of an action potential--mediated influx of extracellular Ca 2+ . This is followed by a second major cytosolic wave due to the release of Ca 2+ from the intracellular stores beginning from the sperm--interaction site and travelling through the depths of the cytoplasm across the egg [START_REF] Parrington | Flipping the switch: how a sperm activates the egg at fertilization[END_REF][START_REF] Whitaker | Ionic regulation of egg activation[END_REF]. The initial cortical flash does not initiate the subsequent Ca 2+ wave, which is a distinct process triggered by the sperm. Furthermore, it is noteworthy to mention that in sea urchin a single wave of Ca 2+ crosses the eggs, whereas the sperm triggers Ca 2+ oscillations in ascidians and mammals [START_REF] Whitaker | Calcium at fertilization and in early development[END_REF][START_REF] Sardet | Calcium waves and oscillations in eggs[END_REF][START_REF] Dupont | Simulation of calcium waves in ascidian eggs: insights into the origin of the pacemaker sites and the possible nature of the sperm factor[END_REF].

Accumulation of experimental data gives insights on how sea urchin eggs form a calcium

wave but some points still remain to be clarified [START_REF] Ramos | Calcium pathway machinery at fertilization in echinoderms[END_REF][START_REF] Swann | Egg Activation at Fertilization by a Soluble Sperm Protein[END_REF][START_REF] Runft | Egg activation at fertilization: where it all begins[END_REF][START_REF] Whitaker | Calcium at fertilization and in early development[END_REF]. It is generally accepted by the scientific community that just following fertilization, the Ca 2+ rise occurs as a result of inositol 1,4,5--triphosphate (IP3)--mediated release of Ca 2+ from the endoplamic reticulum [START_REF] Terasaki | Demonstration of calcium uptake and release by sea urchin egg cortical endoplasmic reticulum[END_REF]. However, studies show that in sea urchin eggs, other intracellular second messengers, including Nicotinic Acid Adenine Dincluotide Phosphate (NAADP), cyclic Guanosyl Mono Phosphate (cGMP), cyclic ADP--ribose (cADPR) and Nitric Oxide (NO) increase at fertilization and could trigger Ca 2+ release [START_REF] Kuroda | Increase of cGMP, cADP--ribose and inositol 1,4,5--trisphosphate preceding Ca(2+) transients in fertilization of sea urchin eggs[END_REF]. However, in contrast to IP3, none of these second messengers are indispensable to the fertilization wave in the sea urchin egg.

According to their velocity, one can distinguish three different main classes of intracellular Ca 2+ waves [START_REF] Jaffe | Classes and mechanisms of calcium waves[END_REF]. At 20°C, the fast waves move at about 5--30 µm/s, the slow waves move at 0.1--1 µm/s, and the ultrafast ones accompany electrical propagation processes such as action potential in many neurons and muscles. The Ca 2+ wave at fertilization in sea urchin crosses the egg (100 µm in diameter) over a period of 20 s and is consequently classified as fast wave [START_REF] Galione | Redundant mechanisms of calcium--induced calcium release underlying calcium waves during fertilization of sea urchin eggs[END_REF][START_REF] Jaffe | Classes and mechanisms of calcium waves[END_REF]. Cytosolic Ca 2+ waves can be broadly classified into two types: Type 1 waves propagate as sharp bands throughout the cell, with velocities and frequencies that are high enough to permit the propagation of several fronts at the same time [START_REF] Dupont | Properties of intracellular Ca2+ waves generated by a model based on Ca(2+)--induced Ca2+ release[END_REF]. Type 2 waves correspond to the progressive increase of the cytosolic level of Ca 2+ throughout the cell, followed by a return to the basal level in a quasi--homogeneous way [START_REF] Tsien | Calcium channels, stores, and oscillations[END_REF][START_REF] Dupont | Properties of intracellular Ca2+ waves generated by a model based on Ca(2+)--induced Ca2+ release[END_REF]. The Ca 2+ wave at fertilization in sea urchin corresponds to a type 2 wave [START_REF] Galione | Redundant mechanisms of calcium--induced calcium release underlying calcium waves during fertilization of sea urchin eggs[END_REF].

The propagation of the cytosolic calcium wave through a diverse range of cells prompted biologists and mathematicians to model the system. Such a modeling requires a thorough knowledge of the propagation mechanism of the wave and of the different molecular actors and organelles involved. The observation of the sea urchin egg by electron microscopy makes it possible to visualize the actual complexity of the spatial distribution of diverse organelles (Figure 3A). Several organelles are present on the cortex of unfertilized eggs, including cortical granules [START_REF] Vacquier | The isolation of intact cortical granules from sea urchin eggs: calcium lons trigger granule discharge[END_REF], acidic vesicles [START_REF] Sardet | The ultrastructure of the sea urchin egg cortex isolated before and after fertilization[END_REF][START_REF] Morgan | Sea urchin eggs in the acid reign[END_REF] and the endoplasmic reticulum [START_REF] Sardet | The ultrastructure of the sea urchin egg cortex isolated before and after fertilization[END_REF]. The endoplasmic reticulum is the site of ATP-dependent calcium sequestration and IP3--induced calcium release and experiments have shown that it plays a major function in the solitary calcium wave triggered by fertilization of sea urchin eggs [START_REF] Terasaki | Demonstration of calcium uptake and release by sea urchin egg cortical endoplasmic reticulum[END_REF]. At the molecular level, the sea urchin "calcium toolkit" has been extensively described in the genome [START_REF] Roux | A functional genomic and proteomic perspective of sea urchin calcium signaling and egg activation[END_REF]18]. At any given time, the level of intracellular Ca 2+ is the result of a balance between the "on" reactions that induce the introduction of Ca 2+ into the cytoplasmic compartment and the "off" reactions that remove free--intracellular Ca 2+ via a combination of buffers, pumps and exhangers [START_REF] Briggs | In the beginning...animal fertilization and sea urchin development[END_REF]. The IP3--receptor channel (IP3R) and the ryanodine receptor/channel (RyR), which is activated by cGMP or cADPR, are present in the endoplasmic reticulum membrane (Figure 3B). The involvement of the two molecules acting together or separately is always a point of discussion and it is still not clear which specific one would begin the cytosolic Ca 2+ wave [START_REF] Swann | Egg Activation at Fertilization by a Soluble Sperm Protein[END_REF]. The classic process of calcium--induced calcium release (CICR) contributes to the explosive release during the fertilization wave [START_REF] Mcdougall | Thimerosal reveals calcium--induced calcium release in unfertilised sea urchin eggs[END_REF][START_REF] Galione | Redundant mechanisms of calcium--induced calcium release underlying calcium waves during fertilization of sea urchin eggs[END_REF]. CICR is a reaction--diffusion mechanism in which Ca 2+ release is mediated by RyR and IP3R present in the endoplasmic reticulum. The CICR theoretical model was originally proposed for [Ca 2+ ]i oscillations [START_REF] Friel | Ca2+]i oscillations in sympathetic neurons: an experimental test of a theoretical model[END_REF][START_REF] Goldbeter | Minimal model for signal--induced Ca2+ oscillations and for their frequency encoding through protein phosphorylation[END_REF]. The RYR and the IP3R are sensitive to and consequently open in the presence of low Ca 2+ concentration whereas higher mM concentrations inhibit them. In a widely used model, calcium waves are propagated by a reaction--diffusion process in which calcium ions progress outside the endoplasmic reticulum network-tubes and trigger further Ca 2+ release from the ER by binding to an IP3 bound IP3 receptor and promoting further CICR. The SERCA pump (smooth endoplasmic reticulum calcium ATPase) drives the accumulation of Ca 2+ in the endoplasmic reticulum [START_REF] Berridge | Calcium signalling: dynamics, homeostasis and remodelling[END_REF]. The SERCA is present in sea urchin eggs [START_REF] Roux | A functional genomic and proteomic perspective of sea urchin calcium signaling and egg activation[END_REF]. Ca 2+ induces conformational changes in calsequestrin [START_REF] Wang | Crystal structure of calsequestrin from rabbit skeletal muscle sarcoplasmic reticulum[END_REF]. However these changes do not directly trigger Ca 2+ release from this buffer protein and in most models, free Ca 2+ in the reticulum is assumed not to be limiting. A complementary tandem model has been proposed, in which a process called proton--induced proton release (PIPR) propagates the Ca 2+ wave within the reticulum while CICR propagates the Ca 2+ wave outside the endoplasmic reticulum [START_REF] Jaffe | A proton--led model of fast calcium waves[END_REF]. In this model, H + --induced conformational changes in calsequestrin would induce calcium release. Finally, the rise of calcium to more than 0.2µM in the cyctoplasm is the primary cause of the activation and the elevation of the fertilization membrane in the sea urchin egg at fertilization [START_REF] Hamaguchi | Activation of sea urchin eggs by microinjection of calcium buffers[END_REF].

A large variety of mathematical models have been developed for cellular Ca 2+ oscillations [START_REF] Schuster | Modelling of simple and complex calcium oscillations. From single--cell responses to intercellular signalling[END_REF]. Indeed, the reaction--diffusion processes mentioned above gave rise to an extensive research domain pertaining to the theory of partial differential equations (PDE). Such equations study the evolution of quantities depending upon several variables of interest, which can be for our focus the time and a two--dimensional or three--dimensional space variable [START_REF] Desvillettes | Trend to Equilibrium for Reaction--Diffusion Systems Arising from Complex Balanced Chemical Reaction Networks[END_REF][START_REF] Desvillettes | Entropy methods for reaction--diffusion systems[END_REF]. It is widely accepted that chemical and biochemical reactions are particularly well represented by reaction--diffusion equations and systems as long as there is a great number of agents involved (mean--field limit). A realistic theoretical model for repetitive Ca 2+ wave generation and propagation has been developed and gives insights into the origin of the pacemaker in mature ascidian eggs [START_REF] Dupont | Simulation of calcium waves in ascidian eggs: insights into the origin of the pacemaker sites and the possible nature of the sperm factor[END_REF]. Other models have focused on the rather typical single wave that is triggered at fertilization in Xenopus and sea urchin eggs [START_REF] Duran | Multiscale modeling of exocytosis in the fertilization process[END_REF][START_REF] Wagner | A wave of IP3 production accompanies the fertilization Ca2+ wave in the egg of the frog, Xenopus laevis: theoretical and experimental support[END_REF]. Interestingly, in sea urchins, it has been developed a multiscale biophysico--chemical model, which simulates the events from the Ca 2+ wave propagation induced by fertilization to the elevation of the fertilization membrane that represents a physical barrier against polyspermy [START_REF] Duran | Multiscale modeling of exocytosis in the fertilization process[END_REF].

Recently, taking the calcium wave triggered by fertilization of the sea urchin egg, exclusive mathematical approaches have been developed in order to know if travelling wave solutions of the reaction--diffusion equation can generate a travelling wave for the diffusion equation [START_REF] Moundoyi | Analytical examples of diffusive waves generated by a traveling wave[END_REF]. The next step is to describe, with mathematical tools, how such a Ca 2+ wave generates the observed diffusion of the released contents of cortical granules between the cell membrane and the vitelline membrane.

From translation regulation to the first mitotic division following fertilization.

The fertilization--induced transitory increase in cytoplasmic free intracellular Ca 2+ concentration and the sustained rise in intracellular pH triggers the activation of the sea urchin eggs [START_REF] Epel | The initiation of development at fertilization. Cell differentiation and development : the official journal of the International Society of Developmental Biologists[END_REF]. Under the term "egg activation", are brought together many characteristic changes, both morphological and biochemical, that happen in a period of time comprised between the penetration of the sperm into the egg and the onset of the mitotic cell cycle of the embryo [START_REF] Runft | Egg activation at fertilization: where it all begins[END_REF][START_REF] Costache | Cell cycle arrest and activation of development in marine invertebrate deuterostomes[END_REF][START_REF] Swann | Egg Activation at Fertilization by a Soluble Sperm Protein[END_REF]. Sea urchin eggs are haploid cells blocked in G1 and fertilization triggers entry into S--phase and completion of the first mitotic division of the embryonic development. De novo protein synthesis is dispensable for the S--phase but is required for the onset of M--phase and subsequent embryonic cell cycles [START_REF] Dube | Effect of reduced protein synthesis on the cell cycle in sea urchin embryos[END_REF][START_REF] Wagenaar | The timing of synthesis of proteins required for mitosis in the cell cycle of the sea urchin embryo[END_REF]. The mitotic cyclins A and B were first discovered in sea urchin as key proteins, which are synthesized and degraded during the mitosis phase at each cell division [START_REF] Evans | Cyclin: a protein specified by maternal mRNA in sea urchin eggs that is destroyed at each cleavage division[END_REF].

Cyclins and their catalytic kinase partners CDKs (Cyclin--dependent Kinases) control cell cycle progression [START_REF] Malumbres | Cyclin--dependent kinases[END_REF].

The protein synthesis rate of unfertilized sea urchin eggs remains remarkably low and fertilization is the starting signal, which triggers their awakening, and induces a dramatic increase of mRNA translation (review in [START_REF] Cormier | Translational Control in Echinoderms: The calm before the storm[END_REF]). This increase of mRNA translation is independent of mRNA transcription and ribosome biogenesis [START_REF] Epel | Protein synthesis in sea urchin eggs: a "late" response to fertilization[END_REF][START_REF] Brandhorst | Two--dimensional gel patterns of protein synthesis before and after fertilization of sea urchin eggs[END_REF].

Therefore, sea urchin egg activation provides an example of regulated gene expression at the translational level using maternal mRNAs that does not follow the traditional scheme of gene regulation governed at the transcription level [START_REF] Mathews | Origins and principles of translational control[END_REF].

Sea urchin eggs are relevant models that have helped to address the control of gene expression at the translational level in relation to cell cycle regulation in physiological conditions [START_REF] Cormier | Translational Control in Echinoderms: The calm before the storm[END_REF][START_REF] Cormier | Cap--dependent translation and control of the cell cycle[END_REF]. While the large and rapid increase in the rate of protein synthesis following fertilization of the sea urchin egg has long been a paradigm of translational control, the mechanisms by which mRNA translation is increased following fertilization and how those controls contribute to proper development have only started to be understood at the beginning of 2000. The multiple ways in which the overall rates of mRNAs translation can be controlled in response to the fertilization of sea urchin eggs have been reviewed recently [START_REF] Cormier | Translational Control in Echinoderms: The calm before the storm[END_REF]. The availability of the sea urchin genome has allowed the identification of the "translational toolkit" in this model system [18,[START_REF] Morales | Translational control genes in the sea urchin genome[END_REF]. Thanks to accumulated knowledge on cap--dependent initiation of translation, we have obtained an integrative model for translation initiation using a programming environment for system biology coupled with model validation (named BIOCHAM (the BIOCHemical Abstract Machine)) [START_REF] Belle | Model of cap--dependent translation initiation in sea urchin: a step towards the eukaryotic translation regulation network[END_REF]. This model is described by abstract rules and contains 51 reactions involved in 74 molecular complexes. The model proved to be coherent with the biological knowledge as judged from specification tests and simulations performed with computational tree logic (CTL) as well Boolean simulations. The numerical simulation from BIOCHAM showed that cap--dependent translation was almost undetectable in unfertilized egg and strongly increased following fertilization, after a delay corresponding to the time to initiate the translational machinery, in agreement with biological observations. Furthermore, we showed that the combination of our model of translation regulation with the BIOCHAM version [START_REF] Calzone | BIOCHAM: an environment for modeling biological systems and formalizing experimental knowledge[END_REF] of the cell cycle regulation [START_REF] Tyson | Modeling the cell division cycle: cdc2 and cyclin interactions[END_REF] can be used for analysis of the cap--dependent translational machinery in relationships with the cell--cycle control. However, while this model constitutes a basis to which new information can be progressively supplemented, this type of model is not actually usable for driving hypotheses for further experimentations. Furthermore, the BIOCHAM model contains too many reactions and protein interactions, for which kinetics parameters remain undetermined, to allow quantitative simulations of dynamic changes occurring following sea urchin egg fertilization. It is therefore important to investigate the strategy of extracting a minimal core model containing a small number of actors playing a crucial role in the process. Three translation factors have been experimentally shown to be activated in vivo in response to egg fertilization leading to an increase of protein synthesis (Figure 4A): one elongation factor, eEF2 (eukaryotic Elongation Factor 2) and two initiation factors, eIF2 (eukaryotic Initiation Factor 2) and the cap--binding protein eIF4E (eukaryotic Initiation Factor 4E).

The protein eEF2 is considered to be the major regulatory target for controlling elongation rate [START_REF] Proud | Signalling to translation: how signal transduction pathways control the protein synthetic machinery[END_REF]. The activity of this elongation factor is inhibited by phosphorylation. The phosphorylation/activation status of eEF2 depends on the activity of an unusual calcium--calmodulin kinase, which targets specifically eEF2 and is consequently called eEF2 kinase [START_REF] Proud | Regulation and roles of elongation factor 2 kinase[END_REF]. Multiple phosphorylation sites positively or negatively regulate eEF2 kinase activity. PKA (Protein Kinase A) and AMPK (AMP-activated--Protein Kinase) activate while mTOR (mechanistic Target Of Rapamycin) and ERK (Extracellular--signal--Regulated Kinase) inhibit the kinase [START_REF] Proud | Signalling to translation: how signal transduction pathways control the protein synthetic machinery[END_REF][START_REF] Proud | Regulation and roles of elongation factor 2 kinase[END_REF]. The kinase that phosphorylates eEF2 is therefore considered as an integrating target of several signaling pathways that leads to protein synthesis regulation through the phosphorylation of its unique substrate eEF2. We reported the existence of a new isoform of eEF2 protein whose phosphorylation is required for the completion of the first cell cycle of early development in sea urchin eggs [START_REF] Belle | Identification of a new isoform of eEF2 whose phosphorylation is required for completion of cell division in sea urchin embryos[END_REF]. Interestingly, the eEF2 isoform is re-phosphorylated with a cell--cycle dependent behaviour. We proposed that eEF2 is phosphorylated in a spatio--temporal context at the M--phase stage and that a localized pool of eEF2 would be involved in the elongation pauses in sea urchin [START_REF] Monnier | Protein translation during early cell divisions of sea urchin embryos regulated at the level of polypeptide chain elongation and highly sensitive to natural polyamines[END_REF][START_REF] Belle | Identification of a new isoform of eEF2 whose phosphorylation is required for completion of cell division in sea urchin embryos[END_REF]. However, no kinetic parameter is yet available to integrate this molecular actor in a minimal core model of the translation activity occurring at fertilization in sea urchin.

At the initiation level, we showed that eIF2 plays a key role in the increase of mRNA translation triggered by fertilization in sea urchin eggs [START_REF] Costache | Dephosphorylation of eIF2alpha is essential for protein synthesis increase and cell cycle progression after sea urchin fertilization[END_REF]. The translation factor eIF2 is a heterotrimeric complex composed of three subunits (α, β and γ). When phosphorylated, the α subunit of eIF2 sequesters eIF2B and consequently inhibits the translational initiation and global protein synthesis, while inducing the translation of specific mRNAs [START_REF] Jackson | The mechanism of eukaryotic translation initiation and principles of its regulation[END_REF]. We demonstrated that eIF2α phosphorylation contributes to the regulation of protein synthesis required for the first mitotic division in sea urchin embryos [START_REF] Costache | Dephosphorylation of eIF2alpha is essential for protein synthesis increase and cell cycle progression after sea urchin fertilization[END_REF]. GCN2, the most ancestral eIF2α kinase, is an attractive candidate for the phosphorylation regulation of eIF2α in sea urchin eggs. Active GCN2 in unfertilized eggs would phosphorylate and consequently inhibit eIF2α. Fertilization would inhibit GCN2 allowing eIF2α to contribute to the protein synthesis increase [START_REF] Cormier | Translational Control in Echinoderms: The calm before the storm[END_REF][START_REF] Costache | Dephosphorylation of eIF2alpha is essential for protein synthesis increase and cell cycle progression after sea urchin fertilization[END_REF]. The regulation of translation initiation by eIF2 and its phosphorylation have been integrated in our model of translation regulation with the BIOCHAM version [START_REF] Belle | Model of cap--dependent translation initiation in sea urchin: a step towards the eukaryotic translation regulation network[END_REF], but again the lack of kinetic data in the sea urchin does not allow us to integrate eIF2α in a model for quantitative simulations.

Finally, the earlier event resulting in the dramatic increase in the rate of global protein synthesis triggered by fertilization in sea urchin eggs was reported to be due to the release of eIF4E from its repressor 4E--BP (eIF4E--Binding Protein) [START_REF] Salaun | eIF4E/4E--BP dissociation and 4E--BP degradation in the first mitotic division of the sea urchin embryo[END_REF][START_REF] Cormier | eIF4E association with 4E--BP decreases rapidly following fertilization in sea urchin[END_REF]. In all eukaryotic cells, eIF4E recognizes and binds to the 5' cap structure (m 7 GpppN, where N is any nucleotide). When available, eIF4E associates with eIF4G (eukaryotic Initiation Factor 4G), a large scaffolding protein that interacts with eIF4A (eukaryotic Initiation Factor 4A), an RNA--dependant ATPase and RNA helicase [START_REF] Gingras | eIF4 initiation factors: effectors of mRNA recruitment to ribosomes and regulators of translation[END_REF]. We showed that, in the sea urchin Spharechinus granularis, fertilization allows rapid eIF4E association with eIF4G and we provided evidence that eIF4E/eIF4G complex formation is functionally important for the completion of the first mitotic division following fertilization, implicating cap--dependent translation in this process [START_REF] Oulhen | After fertilization of sea urchin eggs, eIF4G is post--translationally modified and associated with the cap--binding protein eIF4E[END_REF]. A still intriguing discovery is that fertilization triggers dramatic post--translational eIF4G modifications, which seem to be independent of the mTOR kinase but dependent on the Ca 2+ signaling pathway [START_REF] Oulhen | After fertilization of sea urchin eggs, eIF4G is post--translationally modified and associated with the cap--binding protein eIF4E[END_REF][START_REF] Oulhen | eIF4E--binding proteins are differentially modified after ammonia versus intracellular calcium activation of sea urchin unfertilized eggs[END_REF].

4E--BP competes with eIF4G and consequently 4E--BP inhibits cap--dependent translation.

A single 4E--BP protein ortholog exists in sea urchin [START_REF] Morales | Translational control genes in the sea urchin genome[END_REF]18], while the vertebrate genome duplications gave rise to three classes of 4E--BPs, 4E--BP1, 4E--BP2 and 4E--BP3 in mammals [START_REF] Gillespie | Expansion of eIF4E and 4E--BP Family Members in Deuterosmes[END_REF]. 4E--BPs bind to eIF4E through a bipartite interface that consists of the eIF4E--binding domain YXXXXLΦ and a "non--canonical" eIF4E--binding motif [START_REF] Peter | Molecular Architecture of 4E--BP Translational Inhibitors Bound to eIF4E[END_REF]. Using Small Angle X--Ray Scattering (SAXS), we showed that while sea urchin 4E--BP is intrinsically disordered in the free state, it undergoes a dramatic compaction of 4E--BP when it interacts with eIF4E [START_REF] Gosselin | The translational repressor 4E--BP called to order by eIF4E: new structural insights by SAXS[END_REF], in agreement with the dynamic model of human 4E--BP2 associations with eIF4E [START_REF] Bah | Folding of an intrinsically disordered protein by phosphorylation as a regulatory switch[END_REF]. The binding of 4E--BPs to eIF4E is controlled by the phosphorylation state [START_REF] Pause | Insulin--dependent stimulation of protein synthesis by phosphorylation of a regulator of 5'--cap function[END_REF][START_REF] Gingras | 4E--BP1, a repressor of mRNA translation, is phosphorylated and inactivated by the Akt(PKB) signaling pathway[END_REF]. Hypophosphorylated 4E--BPs bind to eIF4E, whereas hyperphosphorylated forms do not. The mTOR kinase phosphorylates 4E--BP and leads to its dissociation from eIF4E [START_REF] Fonseca | The ever--evolving role of mTOR in translation[END_REF][START_REF] Merrick | eIF4F: a retrospective[END_REF]. While phosphorylation may result in electrostatic repulsion with the negative surface of eIF4E [START_REF] Marcotrigiano | Cap--dependent translation initiation in eukaryotes is regulated by a molecular mimic of eIF4G[END_REF], using phospho--mimetics mutants of sea urchin 4E--BP unable to weaken 4E--BP / eIF4E binding, we hypothesized that additional post--translational modifications are required [START_REF] Oulhen | A variant mimicking hyperphosphorylated 4E--BP inhibits protein synthesis in a sea urchin cell-free, cap--dependent translation system[END_REF]. Finally, it has been demonstrated that multisite phosphorylation induces folding on the intrinsically disordered human 4E--BP2, resulting in a dramatic decrease of 4E--BP2 affinity for eIF4E [START_REF] Bah | Folding of an intrinsically disordered protein by phosphorylation as a regulatory switch[END_REF].

By monitoring 4E--BP following egg fertilization and during embryonic development of sea urchin we were the first to describe down-- and up--regulation of the 4E--BP protein level in physiological conditions [START_REF] Salaun | Embryonic--stage--dependent changes in the level of eIF4E--binding proteins during early development of sea urchin embryos[END_REF][START_REF] Salaun | eIF4E/4E--BP dissociation and 4E--BP degradation in the first mitotic division of the sea urchin embryo[END_REF]. We demonstrated that the 4E--BP degradation triggered by the fertilization of sea urchin eggs is under the control of Ca 2+ and pH-dependent events [START_REF] Oulhen | eIF4E--binding proteins are differentially modified after ammonia versus intracellular calcium activation of sea urchin unfertilized eggs[END_REF]. The control of 4E--BPs stability is now recognized as a supplementary means to regulate eIF4E availability and consequently to control cap-dependent translation activity [81,96--98]. However, it is unlikely that the mechanism of 4E--BP degradation observed in sea urchin corresponds to the one observed in mammalian cells (reviewed in [START_REF] Cormier | Translational Control in Echinoderms: The calm before the storm[END_REF]). The 4E--BP degradation induced by fertilization of sea urchin eggs is inhibited either by rapamycin treatment or PP242, a novel and specific ATP--competitive inhibitor of mTOR kinase [START_REF] Chasse | Cyclin B Translation Depends on mTOR Activity after Fertilization in Sea Urchin Embryos[END_REF][START_REF] Salaun | eIF4E/4E--BP dissociation and 4E--BP degradation in the first mitotic division of the sea urchin embryo[END_REF]. Taken together, these data indicate a major role of mTOR--mediated regulation of translation initiation at the early embryonic development.

The concentrations of 4E--BP and eIF4E in unfertilized eggs were determined by immunoblotting followed by densitometric quantification and the kinetic parameters for 4E--BP / eIF4E interaction were determined by surface plasmon resonance [100]. These different data allowed us to built a highly simple reaction model for the regulation of protein synthesis following fertilization in sea urchin [100]. The model stimulates the physiological changes in the total 4E--BP amount observed during time after fertilization and we demonstrated that a reduced model involving 4E--BP, eIF4E and eIF4G is satisfactory to fully simulate the cap--dependent translational changes occurring at fertilization (Figure 4B). Furthermore, the model postulates that two changes occurring at fertilization are required to fit with experimental data: an increase of 4E--BP / eIF4E complex dissociation and an important activation of the 4E--BP degradation mechanism.

While, as expected, the model predicts that 4E--BP / eIF4E complex destabilization is controlled by the kinase mTOR, surprisingly the mechanism of 4E--BP degradation itself seems also strongly affected by the kinase. Therefore, it would be of great interest to characterize the 4E--BP degradation mechanism occurring at fertilization and to search whether similar mechanisms exist in other organisms and other physiological regulations.

For a great number of protein neo--synthesized from the different available maternal mRNAs, the rise in proteins synthesis occurs at a constant rate following fertilization. Cyclin B protein translation follows a kinetic curve that is different from the global protein synthesis and consequently we developed a mathematical model to analyse the dissimilarity in the biosynthesis kinetic patterns [101]. We hypothesized that two forms of cyclin B mRNA, distinct by their immediately--or not--immediately--availability to be translated, are present in sea urchin eggs. The model predicts that translation of the not-immediately--available form of mRNA is largely dominant compared to the immediately--available form of cyclin B mRNA. This model should help provide insights into the signaling utilized for the control of the biosynthesis and accumulation of cyclin B protein triggered by fertilization and required for the completion of the first mitotic division of the sea urchin embryo [START_REF] Chasse | Cyclin B Translation Depends on mTOR Activity after Fertilization in Sea Urchin Embryos[END_REF]102].

Conclusions and perspectives

The models that we have presented in this review simulate the basic features of three independent events that accompany fertilization in the sea urchin system. The different mathematical approaches allow the unveiling of processes, which are hard to detect only by experimental procedures. The most important challenges are now to develop the multi--scale implications of these modelings.

The discrete dynamics model for the speract--activated signaling network in sea urchin sperm allowed the prediction of novel characteristics of the signaling pathway [START_REF] Espinal--Enriquez | Network model predicts that CatSper is the main Ca2+ channel in the regulation of sea urchin sperm motility[END_REF]. Representation of the logical signaling pathway after the elimination of PDE. (from [START_REF] Espinal | Discrete dynamics model for the speract--activated Ca2+ signaling network relevant to sperm motility[END_REF] with permission of Matinez--Mekler G.). Schematic drawing illustrating the main mechanisms involved in the fertilization envelope (FE) elevation. Sperm entry triggers, by a still unidentified process, the increase of cytosolic IP3, which induces the release of Ca 2+ from the endoplasmic reticulum (ER) to the cytoplasm. CICR propagates the wave outside of the reticulum. The drawing of the ion--releasing macromolecular complex (black and white diamonds) represents calsequestrin as shown in Figure 1 of reference [START_REF] Jaffe | A proton--led model of fast calcium waves[END_REF] and Figure 6 of reference [START_REF] Wang | Crystal structure of calsequestrin from rabbit skeletal muscle sarcoplasmic reticulum[END_REF]. The Ca 2+ wave triggers egg activation and initiates the exocytosis of cortical granules (CG) and elevation of the fertilization envelope. 

  During chemotaxis, sperm swim in a chemoattractant gradient by accommodating the flagellar waveform and consequently the swimming path. The rate of change in [Ca 2+ ]i regulates chemotaxis [103]. Therefore, the model proposed by Martinez et al. represents a solid basis of knowledge and a possible simulation to understanding how the temporal synchronization of the signaling pathway controls the fine--tuning required for influencing the movement of the sperm in response to the spatio--temporal gradient of chemoattractant secreted by the egg. Fertilization offers the opportunity to study Ca 2+ waves and their mechanisms of propagation in the context of a clear physiological function. Mathematical models have been developed for cellular Ca 2+ waves propagation triggered by fertilization. Generally speaking, wave phenomena in the cell are ubiquitous, and their mathematical modeling is a growing field of research. This type of mathematical construction could be useful to better understand the dynamics of the fertilization membrane elevation induced by the Ca 2+ wave. Protein kinases C (PKCs), multifunctional calmodulin--dependent protein kinases (CaMKs) and the phosphatase calcineurin are present in the sea urchin egg [49]. Now, a crosstalk between simulation and experimentation should help us to predict which among these Ca 2+ transducers represent potential candidates to link the Ca 2+ wave to subsequent translational regulations and more general cellular events that occur at fertilization time in sea urchin. The mTOR--signaling pathway plays a crucial role in the fine--tuning regulation of cyclin B mRNA translation following fertilization in sea urchin. Translatome analysis, by achieving polysome profiling in combination with high--throughput sequencing technologies [104], should allow us to identify the mRNAs that are specifically translated under the mTOR pathway triggered by fertilization and consequently should help in establishing translational regulatory networks that regulate the early events of the sea urchin embryo. As is the case for modeling and analysis of gene regulatory networks [105], computational and mathematical methods should allow us accurate predictions of the behaviour of the translational regulatory network following fertilization in sea urchin. Finally, fine--scale spatial and temporal control of translation regulation could play a major role in relation to the cell cycle in general and with regard to spindle formation in particular [106--108,102]. Taking advantages of the quasi--spherical shape and constant volume of the cell and the integration of knowledge about the translational machinery at different scales (molecular, structural and intracellular compartments), the sea urchin egg system opens up a promising field of research for systems biology that focuses on translational regulation in relationships with cell cycle control.
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