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ETUDE DES INTERACTIONS DE LA SELENOPROTEINE P ET DE LA VASSOPRESSINE DISELENIEE EN

Selenium is known to be an essential trace element with antioxidant activities. Its physiological role is mainly due to its co-translational incorporation into selenoproteins as selenocysteine (SeCys), referred to as the 21 st amino acid. selenoprotein P (SELENOP) is the major selenoprotein in plasma with up to 10 SeCys in its sequence. Because of the chemical complexity of the serum matrix, the low abundance of selenoprotein P, and the occurrence of its putative multiple isoforms and post-translational modifications (e.g., glycosylation, Se-S and Se-Se bridges), the characterization of selenoprotein P requires the protein selective pre-concentration and custom-designed optimization of analytical methodology.

Containing 10 SeCys residues, SELENOP is a potential preferential target for metallodrugs such as auranofin and cisplatin. The interactions have not been studied yet at the molecular level, despite considerable evidence that free selenols are biding sites for auranofin in another selenoprotein, thioredoxin reductase. The lack of studies of selenoprotein P is likely due to the fact that the protein cannot be heterologously expressed and needs to be purified from serum where it is present at ng/g concentration (as Se).

This thesis presents the development of the method of purification of SELENOP from human serum using two-dimensional affinity chromatography. The two chromatographic steps using immobilized metal (cobalt) affinity and heparin affinity chromatography allowed the purification of SELENOP with excellent selectivity. The subsequent characterization of the purified SELENOP by nanoHPLCelectrospray ESI MS/MS allowed accounting for almost all selenocysteine-containing tryptic SELENOP peptides and the elucidation of some glycosylation sites. In addition, the recovery of selenium incorporated in SELENOP was quantitatively monitored, for the first time, at each step of the purification procedure. The recovery of SELENOP was 14% after all the purification steps. Selenium present in SELENOP was found to account for 35% of total selenium in serum.

The purification of SELENOP allowed the first study of its interactions with auranofin and cisplatin containing, Au(I) and Pt(II), respectively. The protein metalation was observed after incubation of SELENOP with both metallodrugs. After digestion with trypsin, Au and Pt modifications were observed on the resulting peptides. Either in the case of auranofin and cisplatin, two SELENOP peptides were found to form Au or Pt adducts by Cys and SeCys binding (MS/MS characterization). These four peptides, specific to SELENOP, displayed different sequences.

Moreover, to comparatively study the interactions of the Se-Se and S-S bridges with metallodrugs, vasopressin and its di-selenide analogues were used as model peptides. Their reactivity with auranofin and its strict analogues was investigated by LC-electrospray MS/MS. Evidence was obtained of the possible cleavage of the S-S and Se-Se bridges induced by Au(I) in the absence of reducing agents, in contrast to the previous studies requiring a prior reduction of the Se-Se bond to make it react with Au(I) compounds. In addition, we found that at high temperatures (70 °C), the sulfur and selenium atoms were metallated with the preferential binding of gold to selenium, the reaction not taking place under physiological conditions (37 °C).

Introduction

Le sélénium est connu pour être un oligo-élément essentiel aux activités antioxydantes. Son rôle physiologique est principalement dû à son incorporation co-traductionnelle dans les sélénoprotéines comme la sélénocystéine (SeCys), appelée 21e acide aminé. La sélénoprotéine P (SELENOP) est la principale sélénoprotéine plasmatique avec jusqu'à 10 SeCys dans sa séquence. En raison de la complexité chimique de la matrice sérique, de la faible abondance de la sélénoprotéine P et de l'apparition de ses isoformes multiples putatives et des modifications post-traductionnelles (par exemple, glycosylation, pont Se-S et Se-Se), la caractérisation de la sélénoprotéine P nécessite sa préconcentration et l'optimisation sur mesure de la méthodologie analytique.

Contenant 10 résidus SeCys, SELENOP est une cible potentielle pour les métallodrogues (auranofine, cisplatine). Les interactions n'ont pas encore été étudiées au niveau moléculaire, malgré des preuves considérables que les sélénoles libres sont des sites d'interaction pour l'auranofine dans une autre sélénoprotéine, la thiorédoxine réductase. Le manque d'études sur la sélénoprotéine P est probablement dû au fait que la protéine ne peut pas être exprimée de manière hétérologue et doit être purifiée à partir du sérum où elle est présente à une concentration de ng/g (sous forme de Se).

Alors que les effets de détoxification du sélénium par son action sur les métaux, tels que par ex. Hg et les effets inhibiteurs des sélénoenzymes ont été largement démontrés, les preuves moléculaires de de ses liaisons ont été relativement rares. Les études visant à sonder la liaison du sélénium par des techniques moléculaire, telles que la spectrométrie de masse ou, par des techniques spécifiques aux liaisons chimiques, telles que la spectroscopie à structure fine d'absorption étendue des rayons X (EXAFS), ont été largement limitées à la thiorédoxine réductase. Par conséquent, le développement de méthodes permettant d'avoir un aperçu du site de liaison aux métaux et du type de liaison induite par une telle liaison est d'un intérêt considérable pour étudier plus avant les mécanismes liant le sélénium à la détoxification des métaux lourds ou à l'action thérapeutique des métallomédicaments.

La question la plus importante est que le sélénium se présente en biologie sous plusieurs formes, telles que les sélénoles (SeH), les diséléniures (-Se-Se-) et les ponts -Se-S-chacun en compétition potentielle avec les analogues soufrés, tels que les thiols (-SH) et des disulfures (-SS-). La situation est compliquée par le rôle joué par la disponibilité stérique des sites contenant Se ou S et la présence d'autres motifs de liaison (Lys, His, Met) au sein de la structure protéique qui peuvent lier le métal et entrer en compétition avec les sites contenant Se.

Le sélénium dans le sang et les tissus humains est présent à des niveaux inférieurs au nM. Ce fait ainsi que la complexité de la matrice font que les études moléculaires in vivo ne peuvent être menées avec succès que par un petit nombre de techniques instrumentales avancées, et notamment par spectrométrie de masse. Les développements récents de la sensibilité de la chromatographie avec détection spécifique du sélénium (ICP MS) et de la résolution et de la sensibilité de l'électrospray MS offre un certain nombre d'outils intéressants pour sonder les interactions sélénium métal. Même ainsi, les études de composés modèles, soit isolés du sérum, soit synthétisés ont leur place dans les études moléculaires des interactions Se-métal.

Les métallomédicaments, tels que les composés Pt et Au, ont récemment suscité un intérêt considérable en tant que ligands du sélénium. Comme indiqué ci-dessus, les études se sont presque tous limités à une enzyme, la thiorédoxine réductase et à ses proxies. Un facteur important facilitant ces études, outre l'intérêt indéniable de la démonstration de l'inhibition de TrxR par des métallomédicaments, a été la possibilité d'expression de la protéine et donc, sa disponibilité sous forme pure. Cependant, TrxR n'est pas la protéine la plus abondante dans le sérum humain. Plusieurs autres existent, toutes contenant au moins un résidu de sélénocystéine, libre ou oxydé pour former un pont Se-S ou Se-Se. Parmi ces protéines, la plus abondante est la sélénoprotéine P qui contient jusqu'à 10 résidus de sélénocystéine. Bien qu'il existe des preuves de la formation de complexes covalents stables de SELENOP avec des métaux lourds, il n'y a pratiquement pas eu d'études sondant la spécificité de la liaison au sélénium et la nature du site de liaison. Une des raisons à cela était l'impossibilité de l'expression hétérogène de SELENOP. Par conséquent, la protéine pour les études d'interaction avec les métaux doit être isolée et purifiée à partir de sérum naturel, ce qui peut être tout un défi sachant que la concentration totale de Se dans le sérum est d'environ 100 ng/ml et SELENOP ne représente que 1/3 à 1/ 2 de celui-ci.

Résumé des travaux

L'un des objectifs de cette thèse a donc été de revisiter les schémas d'isolement de SELENOP rapportés ailleurs afin de développer une méthode capable de produire des quantités suffisantes de SELENOP pour produire des signaux spécifiques aux espèces de Se mesurables pour des études par spectrométrie de masse des interactions de SELENOP avec des composés à base de Au et Pt. Pour cela, différents types de chromatographie d'affinité, tels que l'IMAC ou l'héparine, seuls ou en séquence, ont été revisités. L'accent a été mis sur l'optimisation des étapes de concentration inter-chromatographie et le suivi de la récupération de SELENOP. Différentes conditions chromatographiques ont été testées pour obtenir la meilleure résolution et séparation à chaque étape et augmenter le recouvrement à chaque étape de la purification.

Un élément inhérent à la thèse a été une caractérisation approfondie de la sélénoprotéine isolée par spectrométrie de masse haute résolution et haute précision. Aussi étrange que cela puisse paraître, très peu de preuves de spectrométrie de masse pour les données de séquence d'acides aminés de SELENOP existent dans la littérature. Par conséquent, une méthode basée sur la digestion trypsique et la spectrométrie HPLC MS/MS a dû être développée afin de démontrer l'identité chimique de la protéine isolée et purifiée et d'acquérir un support de bases pour l'interprétation des données sur les interactions de SELENOP avec les composés à base de Pt et d'Au.

L'objectif ultime relatif à SELENOP a été d'étudier sa liaison avec l'auranofine et le cisplatine, en sondant la formation des composés métalliques SELENOP et en acquérant des preuves moléculaires sur les sites de liaison avec l'Au et le Pt.

La propension des résidus de SeCys à s'oxyder pour former des liaisons Se-Se ou Se-S soulève une question importante sur leur réactivité avec les métallomédicaments. Alors qu'il est maintenant bien documenté que l'auranofine et ses analogues se lient rapidement et étroitement aux protéines portant des cystéines ou des sélénocystéines libres, la capacité de ces composés à base d'or d'interagir directement avec les ponts disulfure et diséléniure et à les cliver est beaucoup moins comprise. Cela nous a incité à étudier en détail les réactions de l'auranofine et de ses analogues avec des molécules modèles contenant des motifs disulfures et diséléniure.

Pour cela, nous avons décidé d'utiliser, en tant que peptides modèles, l'hormone vasopressine (AVP), connue pour son action antidiurétique et vasopressive, et son analogue séléniée, la selenovasopressine ([Se-Se]-AVP), dans lequel le pont disulfure a été remplacé par un pont diselenide tout en gardant l'affinité de AVP envers le récepteur de la vasopressine.

Conclusion

Cette thèse présente donc le développement de la méthode de purification de SELENOP à partir de sérum humain en utilisant la chromatographie d'affinité bidimensionnelle. La méthode de purification du SELENOP développée a permis d'obtenir de la SELENOP relativement pur pour l'étude de ses interactions avec les métallomédicaments. La séparation de SELENOP des autres sélénoprotéines a été réalisée à l'aide de la colonne IMAC-Héparine à double affinité. Le SELENOP a pu être facilement séparé des autres protéines présentes dans le sérum comme observé par SDS-PAGE. Les améliorations méthodologiques obtenues offrent une méthode viable pour purifier SELENOP du sérum en quantités suffisantes pour étudier ses interactions avec les métaux.

Les récupérations de 14% mesurées peuvent sembler faibles mais elles sont impossibles à comparer avec les études de la littérature car c'est à notre connaissance la première fois où de telles récupérations ont été systématiquement mesurées à chaque étape de la procédure. La principale source de pertes est l'étape de concentration après purification par affinité à l'héparine générant un volume important de solution diluée. L'affinité non spécifique à la filtration SPE utilisée peut être une des raisons mais la présence de α-2-macroglobuline dans l'éluât ouvre la possibilité de la formation d'adduits SELENOPα-2-macroglobuline. Cela peut également être la raison de l'absence de pic de la SELENOP au volume d'élution en chromatographie d'exclusion stérique. Une autre question ouverte est de savoir pourquoi la quantité de SELENOP mesurée avec le kit de protéines est légèrement différente de celle obtenue par d'autres techniques telles que la quantification du sélénium total.

En termes de quantification de SELENOP dans le sérum, nos résultats sont similaires à ceux rapportés dans la littérature, ce qui signifie que l'effet matriciel du sérum n'est pas si important et ne nécessite pas nécessairement l'utilisation de techniques de quantification plus sophistiquées telles que la dilution isotopique ICP MS.

La caractérisation de la SELENOP purifiée nous a permis de détecter de nouveaux sélénopeptides qui n'étaient pas détectés jusqu'à présent dans la littérature. Sur les quatre peptides présentés dans la littérature, nous en avons identifié trois par caractérisation MS et 2 nouveaux peptides non publiés ont également été détectés. L'un de ces peptides présentait une O-glycosylation qui a été élucidée grâce aux données MS/MS. Le total des SeCys qui ont été identifiés (six des dix total) grâce aux 5 peptides que nous avons identifiés, est à notre connaissance le nombre de SeCys le plus élevé détecté à ce jour pour SELENOP, ce qui signifie que seules les 4 derniers SeCys situées à l'extrémité N-terminale de SELENOP ont encore besoin d'être formellement identifiées.

La disponibilité de la SELENOP purifiée, a permis d'observer, pour la première fois, la formation d'adduits avec l'auranofine et le cisplatine. Le site de métallation a été conservé après digestion tryptique. Plusieurs peptides qui présentaient des interactions entre Cys, SeCys et des métallomédicaments ont pu être observés. Ces résultats corroborent l'hypothèse selon laquelle la SELENOP peut interagir avec les métallomédicaments via les résidus SeCys et Cys. Après incubation de la SELENOP avec l'auranofine, deux peptides ont été obtenus avec un adduit AuPEt3+ sur les acides aminés Cy et SeCys, et, après incubation avec le cisplatine, deux peptides ont été obtenus avec un adduit Pt(NH3)2Cl + également sur Cys et SeCys, le site de liaison a été déterminé en utilisant les données de fragmentation obtenues par MS/MS . Les quatre peptides obtenus sont spécifiques de SELENOP, tous les peptides présentent des séquences différentes. Ces observations ont été possibles grâce à l'excellente sensibilité du spectromètre de masse de pointe, cependant plus de peptides ont été identifiés malheureusement, l'identification formelle du site de liaison n'a pas été possible à cause d'une concentration insuffisante pour obtenir des data en MS/MS validant le site de liaison. Le cisplatine et l'auranofine interagissent avec un site actif similaire (Cys, SeCys), cependant, leur mécanisme de liaison devrait être différent en raison de leur propre chimie.

Pour l'instant, les études des interactions des sélénoles et diséléniures avec les métaux et les métallocomposés sont encore largement dépendantes de la disponibilité de composés modèles. Les études sur la sélénovasopressine offrent un aperçu clair de la réactivité comparative des composés d'or médicinaux avec des biomolécules contenant des liaisons disulfures ou diséléniure. Nous avons observé que les composés d'or(I) sont capables de réagir avec S-S ou Se-Se à haute température (70°C) en formant des adduits où le ligand Et3PAu est directement lié au S ou au Se. En revanche, aucune réaction ne se produit entre les composés d'or étudiés et les vasopressines S-S ou Se-Se oxydées dans des conditions physiologiques (37°C) en l'absence d'agents réducteurs.

Le pont disulfure, à 37 °C, est plus sujet à la réduction que le pont diséléniure. Par conséquent, lors de l'ajout d'un agent réducteur, la liaison S-S peut être clivée et peut former des adduits avec les composés Au(I). En revanche, la réduction de la liaison Se-Se est plus difficile à obtenir et n'a lieu qu'à haute température. A 70°C, les composés d'or sont capables de cliver à la fois le pont disulfure et diséléniure et de former les adduits correspondants. La réaction se produit préférentiellement pour le Se-Se sur la liaison S-S probablement en raison du caractère plus doux du groupe sélénolate.

Nos résultats appuient davantage l'opinion selon laquelle les protéines contenant SeCys (25 chez l'homme) sont des cibles préférentielles et probables des électrophiles mous de Lewis, tels que les métaux lourds, par ex. Hg, Pb, As, Cd impliqués dans la toxicologie environnementale et humaine, et composés métalliques (contenant Au, Ag, Pt, etc.) employés comme agents thérapeutiques. Cependant, les réactions rapides et faciles des composés métalliques avec le groupe sélénocystéine n'ont lieu que lorsque le SeCys est présent sous sa forme sélénoles ou sélénolate (réduite). En revanche, lorsque SeCys a formé un pont Se-Se, ces réactions n'ont lieu qu'à des températures bien supérieures aux températures physiologiques. Ces résultats offrent une perspective intéressante à l'axe de recherche sur l'interaction des métallomédicaments et des protéines plasmatiques.

Selenium : element 34 in the periodic table

Selenium was discovered in 1817 by the Swedish chemist Jöns Jacob Berzelius who investigated a reddish sludge responsible for a strange disease among his factory workers. The element was named selenium, in link with the Greek Moon Goddess "Selếnê" by analogy with "Tellu", the Roman goddess of the Earth, due to the significant similarities between selenium and the earlier discovered tellurium [START_REF] Trofast | Undersökning af en ny Mineral-kropp, funnen i de orenare sorterna af det vid Fahlun tillverkade svaflet[END_REF].

For a long time selenium was considered uniquely as a toxic element (2)[START_REF] Yaeger | The effect of subclinical selenium toxicosis on pregnant beef cattle[END_REF][START_REF] Vernie | Selenium in carcinogenesis[END_REF]. However, starting from the mid-50ties [START_REF] Pinsent | The need for selenite and molybdate in the formation of formic dehydrogenase by members of the Coli-aerogenes group of bacteria[END_REF][START_REF] Schwarz | Selenium as an integral part of factor 3 against dietary necrotic liver degeneration[END_REF][START_REF] Walter | Trace elements in human and animal nutrition[END_REF], its essential character has become known. In the 1970s, the World Health Organisation (WHO) recognised selenium as an essential trace element (8). This dual character: essential or toxic as a function of concentration and species makes selenium a fascinating element to study.

Selenium belongs to the chalcogen family, it is located in column 16, line 4 of the periodic table at number 34. It is considered a metalloid, which means that physical and chemical properties are intermediates between those of a metal and a non-metal, similarly to tellurium, bismuth or arsenic. Its atomic weight is 78.96 g.mol -1 . Its melting point is 217 °C, and its boiling point is 685 °C. It exists in organic and inorganic forms, and has five degrees of oxidation: + VI (selenate, SeO4 2-), + IV (selenite, SeO3 2-), -II (selenide, H2Se), -I (diselenide, H2Se2) and 0 (elemental Se) (Table 1) [START_REF] Reich | Why Nature Chose Selenium[END_REF][START_REF] Risher | Toxicological Profile for Selenium[END_REF][START_REF] Wessjohann | Selenium in chemistry and biochemistry in comparison to sulfur[END_REF]. It has six stable natural isotopes (Table 2), and two radioactive isotopes produced by nuclear fission, the longlived 79 Se β emitter (2.8x10 5 years) present in spent nuclear fuel and the shorter-lived 75 Se (119.8 days), widely used as a radiotracer or as an imaging agent in iron and steel welding. Selenium chemical properties are often compared to those of sulfur [START_REF] Reich | Why Nature Chose Selenium[END_REF]. Selenides and sulfides are alike in terms of appearance, composition and properties. Several chemical species contain a C-Se bond, for example, selenols (RSeH), selenoethers (R2Se; R2Se2), mixed Se-S compounds (e.g., RSSeH) and selenoamino acids, selenosugars and selenoproteins. Selenium can also form halides (RSeX), where X denotes fluor, chlorine, bromine and iodine [START_REF] Risher | Toxicological Profile for Selenium[END_REF]. Selenium is also known to reduce several metals' toxicity, such as mercury, cadmium, silver, copper, arsenic by forming selenides [START_REF] Risher | Toxicological Profile for Selenium[END_REF][START_REF] Levander | Metabolic interrelationships between arsenic and selenium[END_REF]. Se and S have the same oxidation states and the same functional groups (Figure 1) and their structures are often very similar, promoting co-crystallization of analogous compounds.

Figure 1 Structures and oxidation numbers of sulfur and selenium compounds resulting from the two electron oxidation reaction [START_REF] Reich | Why Nature Chose Selenium[END_REF] The significant differences between the two chalcogens reflect those between light and heavy elements. Since heavy elements are more "softer" (easier polarizable) than light elements, this generally leads to faster nucleophilic and electrophilic substitutions. Most selenium bonds are weaker than sulfur ones; this results in a much faster-breaking reaction of this bond. Its "weaker" bonds result in an σ * orbital of the Se-X bond of energy lower than that of an S-X bond, and therefore more reactive owing to an acceptor electron. Thus, all the oxidation states of selenium are much more electrophilic than those of its sulfur analogues. The higher these oxidation states, the less stable the species compared to those of sulfur. Besides, like all heavy elements, selenium is also more tolerant to hypervalent binding [START_REF] Wessjohann | Selenium in chemistry and biochemistry in comparison to sulfur[END_REF]. In terms of acidity, the weaker hydrogen bond and an increase in size and polarizability of Se are reflected by the low basicity of selenolates. The pKa of seleno-species (Figure 2) ranges from 3 to 6 pKa units [START_REF] Huber | Comparison of the chemical properties of selenocysteine and selenocystine with their sulfur analogs[END_REF].

Figure 2 pKa values of selenols

Despite the lower basicity, selenolate ion is considered as a good nucleophile, a likely consequence of selenium's high polarizability. This observation is valid for SN2 substitutions as well as aromatic substitutions. In protic solvents, the weaker hydrogen bond acceptor properties of selenolates contribute to the high nucleophilicity [START_REF] Reich | Why Nature Chose Selenium[END_REF]. At physiological pH, selenols are entirely converted into selenolates which are active nucleophiles, and more reactive than their sulfur analogues [START_REF] Reich | Why Nature Chose Selenium[END_REF]. Since selenolates have low basicity, in general, they are good leaving groups.

One of the rare cases where the Se-X bond is strong, in the case of hypervalent compounds, where the number of bonds plus the pairs of free electrons is greater than that allowed by Lewis's byte rule. The calculation of the association energy (Me2Y + Me -→ Me3Y -) is -13.1kcal for Y = Se [START_REF] Cioslowski | Diversity of Bonding in Methyl Ate Anions of the First-and Second-Row Elements[END_REF]. This effect has complex origins, but the contributing factors are the weaker steric effects of selenium due to its longer bonds and lower LUMO σ * orbital which more favourably leads to a three-centre hypervalent binding situation and four electrons. This greater tolerance to hypervalent (also shared by neighbouring element pairs such as Cl/Br and P/As and heavier elements like Te, I, Sb) can be seen in many contexts.

Another case in which Se-X bonds are strong is the case of binding to metals [START_REF] Corey | New and highly effective method for the oxidation of primary and secondary alcohols to carbonyl compounds[END_REF].

Nucleophilic attacks on selenium (which generally passes through hypervalent intermediates such as R4Se or R3Se -) generally occur more rapidly than for sulfur, because the intermediate compounds selenates have a lower energy formation [START_REF] Bachrach | Nucleophilic Attack at Selenium in Diselenides and Selenosulfides. A Computational Study[END_REF].

The difference in selenium's size compared to sulfur (atomic radius of 115 ppm versus 110 ppm) results in larger hybridized orbitals, the longer the bond length, the weaker the π orbital overlap. One consequence of this is the lack of stability of selenoesters compared to thioesters by resonance with carbonyl groups [START_REF] Makriyannis | Selenol esters as specific reagents of the acylation of thiol groups[END_REF]. Chemists and nature have thus taken advantage of this significant reactivity, using selenoesters as acyl transfer reagents. They are used to catalyse native chemical ligation reactions (18)[START_REF] Adams | Investigation of peptide thioester formation via N→Se acyl transfer[END_REF][START_REF] Mcgrath | Chemoselectivity in Chemical Biology: Acyl Transfer Reactions with Sulfur and Selenium[END_REF] and selenoprotein K which uses its SeCys residue to form a selenoester catalyzing the reaction of acyl transfer from a palmitoyl group to calcium channel [START_REF] Fredericks | Selenoprotein K and protein palmitoylation[END_REF]. 

ETUDE

Selenium species in biology

Usually present in surface waters and soils as HSeO3 -/ SeO3 2-(selenite) and SeO4 2-selenite ( 22), selenium can be biologically methylated (dimethylselenide, dimethyldiselenide, etc.) or assimilated in biomass (selenized amino acids, metabolites) [START_REF] Dumont | Selenium speciation from food source to metabolites: a critical review[END_REF] following the sulfur metabolic pathways. The main seleno amino acids are analogues of methionine and cysteine (Figure 3). 

Selenium vs. sulfur metabolite pathways

Se and S often share a common metabolic pathway owing their chemical and physical resemblance. In other words, Se can act as a substitute for S in physiological and metabolic processes. In plants, several integration pathways for the integration of Se into proteins or smaller molecules are following those of sulfur (Figure 4) [START_REF] Terry | Selenium in Higher Plants[END_REF].

The primary uptake source of selenium of mammals is from the diet, mainly as selenomethionine [START_REF] Schomburg | Selenium and selenoproteins in mammals: extraordinary, essential, enigmatic[END_REF]. Like SeMet, SeCys and Se-methylselenocysteine from cereal grains, plants and animal proteins, in which the Se content depends on the area of growth, more precisely from soil and fodder [START_REF] Whanger | Selenocompounds in plants and animals and their biological significance[END_REF]. Even if selenium uptake also encompasses selenite and selenate, the uptake of selenopeptides is privileged in mammals' biology. Mammals are using selenium for protein synthesis and reproduction purposes (spermatogenesis) [START_REF] Roy | Selenium-containing enzymes in mammals: Chemical perspectives[END_REF]. Selenium is used as a sulfur counterpart in several protein families for its capacity to resist extensive oxidation and can be found in several species of animals, mammals include.

During the assimilation of sulfur and selenium, a selenium atom can randomly replace a sulfur atom. The frequency of the phenomenon is directly proportional to the concentration of selenium in the cell during protein synthesis. The random replacement leads to a myriad of species, eg. in Se-rich yeast (Figure 5). More than 60 Se species have been reported, often chaotically, with some data interpretation errors. The metabolism of selenite leads to the formation of a covalent bond between Se and carbon, producing many organoselenium compounds. The most straightforward building unit is a selenol R1-CH2-Se-H, which is the Se equivalent of alcohol and thiol.

Figure 4 Assimilation of inorganic selenium. The letters correspond to the metabolic pathways involved. a) Reduction of selenates similarly to a pathway known for sulphate using ATP sulfurylase [START_REF] Läuchli | Selenium in Plants: Uptake, Functions, and Environmental Toxicity[END_REF]. In some bacteria (Thauera selenatis), it is a selenate reductase that replaces the ATP sulfurylase [START_REF] Schröder | Purification and characterization of the selenate reductase from Thauera selenatis[END_REF]; b) Non enzymatic reaction of selenites with glutathione, followed by a reduction, which lead to selenide catalysed by glutathione or thioredoxin reductase [START_REF] Björnstedt | Selenodiglutathione is a highly efficient oxidant of reduced thioredoxin and a substrate for mammalian thioredoxin reductase[END_REF]. There is also a pathway b') in mammals, consisting of a direct reduction by thioredoxin reductase [START_REF] Kumar | Selenite is a substrate for calf thymus thioredoxin reductase and thioredoxin and elicits a large non-stoichiometric oxidation of NADPH in the presence of oxygen[END_REF]; c) Nonspecific formation of selenocysteine by cysteine synthase; d) Formation of selenophosphate by a selenophosphate synthetase (in connection with the specific synthesis of selenocysteine), and e) Methylation reactions by S-adenosyl-methionine transferase: these methylated compounds are excreted by organisms to eliminate excess selenium [START_REF] Garbisu | Physiological mechanisms regulating the conversion of selenite to elemental selenium by Bacillus subtilis[END_REF], f.) enzymatic reaction leading to the transformation of serine into selenocysteine with of ATP reacting with selenate leading to adenosylselenate which react with serine to give selenocysteine , g.) Non enzymatic reaction leading to the transformation of serine into selenocysteine with GSH reacting with Selenite leading to GS-SE-GS followed by a reduction into selenide which react with serine to give selenocysteine, h.) Biosynthesis of selenomethionine with the reaction of homoserine on selenocysteine followed by reduction and akylation.

The most widely represented selenol motifs present in yeast metabolites are shown in Figure 5, including methylselenol, SeCys, selenohomocysteine and selenoadenosine [START_REF] Bierla | Comprehensive speciation of selenium in selenium-rich yeast[END_REF].

Selenocysteine: the 21st proteogenic amino acid

Selenocysteine, an analogue of cysteine (Figure 3), is a cysteine in which the sulfur atom of the thiol group has been replaced by selenium, thus forming a selenol. Selenocysteine is considered the 21st proteogenic amino acid because it has a specific and non-random mechanism of incorporation, unlike selenomethionine [START_REF] Böck | Selenocysteine: the 21st amino acid[END_REF]. 

Reactivity of selenocysteine vs. cysteine

Selenocysteine (SeCys) has characteristics similar to cysteine (Cys), its sulfur counterpart, particularly in terms of electronegativity, ionic radius, and oxidation state. On the other hand, SeCys is a more potent nucleophile than cysteine under neutral and acidic conditions. This property is explained by the fact that SeCys has a lower pKa (5.24) compared to Cys (8.25) and therefore it is deprotonated at biological pH while Cys is in the thiol state. This makes SeCys a considerably more potent nucleophile under neutral and acidic conditions. Nature may be able to increase the nucleophilicity of sulfur at physiological pH. the pKa values of cysteines in the protein microenvironment can be strongly disturbed, as evidenced by the pKa values of the Cys residues of the active site of papain, caricain and ficin respectively 3.3, 2.9, and 2.5 (35).

Moreover, selenium is softer than sulfur, with a polarizable volume of 3.8 Å in comparison with the 2.9 Å of sulfur [START_REF] Steinmann | Selenium and sulfur in exchange reactions: a comparative study[END_REF]. The Hard and Soft Acids and Bases (HSAB) theory suggests that many nonphysiological soft-type metal compounds (Pt, Au, Hg, As, etc.) can strongly interact with the selenium (soft) present in selenoproteins [START_REF] Pearson | Hard and Soft Acids and Bases[END_REF].

The reactivity of proteins containing selenocysteine is often much stronger than of those containing cysteine. The energy cost of the synthesis of selenocysteine is quite high; selenocysteine is readily oxidized and reduced back to its original form [START_REF] Reich | Why Nature Chose Selenium[END_REF].

The weaker hydrogen bond and the increase in size and polarizability of the heavier atom are reflected by a significantly lower basicity of selenolates compared to thiolates ranging from 3 to 4 pKa units (Figure 6) [START_REF] Huber | Comparison of the chemical properties of selenocysteine and selenocystine with their sulfur analogs[END_REF]. Thus, most cysteine is in the thiol state at neutral pH, while selenocysteine is almost entirely ionized to selenolate at the same pH. Despite their lower basicity, selenolate ions are ca. one order of magnitude more nucleophilic than thiolates due to the acceptor properties of the weaker hydrogen bond. Selenides are also more nucleophilic than sulfides [START_REF] Reich | Why Nature Chose Selenium[END_REF].

Furthermore, its redox potential (E0 = -388 mV) being much lower than that of Cys (E0 = -220mV), SeCys is easily oxidized under normal pressures and temperatures thus promoting the formation of diselenide bridges [START_REF] Mousa | Selenium and Selenocysteine in Protein Chemistry[END_REF].

The different oxidation and reduction rates observed in chalcogen oxides resides in the difference of their electronic structures. The first oxidation of sulfides/selenides to sulfoxides/selenoxides is comparable, with the selenium being slightly more reactive. Yet, the second oxidation is more difficult for selenoxides. That consequence results from a much higher dipolar character of the Se-O bond, resulting in lower nucleophilicity of the lone pair on Se [START_REF] Reich | Why Nature Chose Selenium[END_REF].

Compared to the dithiol/disulfide pair, in which the equilibrium constant is 600-fold lower for the same conditions and will favours the dithiol, the equilibrium constant for oxidation of diselenol to a diselenide greatly favours the diselenide.

Moreover, the selenol form of the SeCys is highly unstable and easily converted to dehydroalanine with the loss Se by β-elimination. This elimination can be catalysed either by temperature, alkaline conditions or the used of reducing agents such as DTT or TCEP [START_REF] Dery | Insights into the deselenization of selenocysteine into alanine and serine[END_REF]. This β-elimination is based on the hight propensity of selenols to be selectively reduced in presence of thiols to form radicals, and was chemically describe in the case of sulfide/selenide bridge [START_REF] Metanis | Traceless Ligation of Cysteine Peptides using Selective Deselenization[END_REF]. The deselenization of SeCys is employed as an extension to native chemical ligation at selenocysteine and can be accomplished in one minute under anaerobic conditions to give alanine. Under aerobic conditions (oxygen saturation), selenocysteine is converted into serine [START_REF] Dery | Insights into the deselenization of selenocysteine into alanine and serine[END_REF].

The conversion of Cys into dehydroalanine via beta elimination is also described and, in the case of the bioactive peptide Oxytocin peptide, it undergoes hydrolysis leading to the formation of a pyruvoyl group at the N-terminus (41).

Rate advantage versus redox advantage

Research trying to explain why sulfur is replaced by selenium in certain enzymes were based on experiments with the replacement of catalytic SeCys residue with Cys in several SeCys-containing enzymes [START_REF] Axley | Catalytic properties of an Escherichia coli formate dehydrogenase mutant in which sulfur replaces selenium[END_REF][START_REF] Berry | Substitution of cysteine for selenocysteine in type I iodothyronine deiodinase reduces the catalytic efficiency of the protein but enhances its translation[END_REF][START_REF] Rocher | Purification and properties of a recombinant sulfur analog of murine selenium-glutathione peroxidase[END_REF][START_REF] Maiorino | Probing the presumed catalytic triad of selenium-containing peroxidases by mutational analysis of phospholipid hydroperoxide glutathione peroxidase (PHGPx)[END_REF]. The replacement of Se with S resulted in mutant enzymes with greatly impaired catalytic activity. On the contrary, the replacement of S with Se in Cys-containing enzymes resulted in enhanced catalytic activity [START_REF] Metanis | Synthetic Seleno-Glutaredoxin 3 Analogues Are Highly Reducing Oxidoreductases with Enhanced Catalytic Efficiency[END_REF][START_REF] Hazebrouck | Substituting selenocysteine for catalytic cysteine 41 enhances enzymatic activity of plant phospholipid hydroperoxide glutathione peroxidase expressed in Escherichia coli[END_REF][START_REF] Kim | Catalytic Advantages Provided by Selenocysteine in Methionine-S-Sulfoxide Reductases[END_REF][START_REF] Kim | Different catalytic mechanisms in mammalian selenocysteine-and cysteine-containing methionine-R-sulfoxide reductases[END_REF]. However, Lacourciere and Stadtma et al. found that the catalytic activity of the Cys-containing selenophosphate synthetase from E. coli had higher specific activity when compared to the SeCys one from H. influenzae [START_REF] Lacourciere | Catalytic properties of selenophosphate synthetases: comparison of the selenocysteine-containing enzyme from Haemophilus influenzae with the ETUDE DES INTERACTIONS DE LA SELENOPROTEINE P ET DE LA VASSOPRESSINE DISELENIEE EN PRESENCE D'AURANOFINE ET DE CISPLATINE Jérémy LAMARCHE -16 décembre 2021 -169 -corresponding cysteine-containing enzyme from Escherichia coli[END_REF], meaning that the selenocysteine role is not to enhanced catalytic activities in the case of H. influenzae. This conclusion was later reinforced by Kanzok et al. that showed that selenium was not required in the active site of TrxR because a Cysortholog enzyme had comparable activity [START_REF] Kanzok | Substitution of the Thioredoxin System for Glutathione Reductase in Drosophila melanogaster[END_REF]. That conclusion shows that SeCys and other forms of selenium are not entirely related to enhanced catalytic function compared to sulfur.

Other studies have shown another additional gain of Se upon S substitution in the enzyme is a better peroxidase activity [START_REF] Wu | Selenosubtilisin as a glutathione peroxidase mimic[END_REF][START_REF] Casi | Selenoglutaredoxin as a Glutathione Peroxidase Mimic[END_REF][START_REF] Boschi-Muller | Substituting selenocysteine for active site cysteine 149 of phosphorylating glyceraldehyde 3-phosphate dehydrogenase reveals a peroxidase activity[END_REF][START_REF] Ding | Biochemical characterization of seleniumcontaining catalytic antibody as a cytosolic glutathione peroxidase mimic[END_REF][START_REF] Liu | Conversion of trypsin into a seleniumcontaining enzyme by using chemical mutation[END_REF][START_REF] Sun | Seleniumcontaining 15-mer peptides with high glutathione peroxidase-like activity[END_REF][START_REF] Ren | A semisynthetic glutathione peroxidase with high catalytic efficiency. Selenoglutathione transferase[END_REF]. This function's gain correlated well with its superior redox properties relative to sulfur. Selenium confers peroxidase activity to an enzyme because it is both a good nucleophile and a good electrophile. This property allows selenium to cycle between reduced and oxidized state without permanently becoming oxidized. From this perspective, selenium redox properties resemble more to a transition metal [START_REF] Reich | Why Nature Chose Selenium[END_REF].

The work of Rocher et al. was the first to mention that SeCys may have evolved in an enzyme to prevent "self-inactivation" [START_REF] Rocher | Purification and properties of a recombinant sulfur analog of murine selenium-glutathione peroxidase[END_REF]. This hypothesis was formed by studying the Cys-mutant of Gpx1, which had lower activity than the SeCYS-containing Gpx1 but was readily inactivated in the presence of its substrate, H2O2, and organic hydroperoxides. They hypothesized that the Cys-mutant Gpx1 inactivation resulted from the oxidation of the peroxidatic Cys residue to Cys-SO2-with a possible β-elimination to form a dehydroalanine. In the following decade, Dimastrogiovanni et al. (59), crystallized the Cysmutant of the SeCys-containing Gpx4 from Schistosoma mansoni, which perhaps could confirm the hypothesis of Rocher et al. (44). That work showed the presence of a sulfonic acid residue on the X-ray structure of the Gpx4 mutant. The mutant of Gpx4 was inactive during purification, even in the presence of reducing agents. An interpretation of this phenomenon that matches Rocher et al. observation is that the mutant enzyme was able to react with the oxidant. Still, the S-oxide that formed was not electrophilic enough to resolve back to the active form of the enzyme, which results in the overoxidation and inactivation of the mutant enzyme.

Selenoproteins

Selenoproteins are a class of proteins having one to more selenocysteine residues in their peptide sequence. Its incorporation into the sequence is linked to the presence of a UGA codon which is not recognized as a stop codon. This observation was made following a selenocysteine residue in the genes of bovine glutathione peroxidase and eubacterial formate dehydrogenase [START_REF] Zinoni | Nucleotide sequence and expression of the selenocysteine-containing polypeptide of formate dehydrogenase (formate-hydrogen-lyaselinked) from Escherichia coli[END_REF][START_REF] Chambers | The structure of the mouse glutathione peroxidase gene: the selenocysteine in the active site is encoded by the "termination" codon, TGA[END_REF]. Selenocysteine is an amino acid that does not exist in free form. Its synthesis is carried out in two steps, directly on the tRNA Sec , from serine.

Mechanisms of SeCys insertion in selenoproteins

Selenocysteine transfer RNA is an RNA strand characterized by its UCA anticodon capable of recognizing the UGA codon, and they are distinguished from conventional RNAs in many points. Their large size, around 100 base pairs, makes them one of the largest known tRNAs. In addition, it is characterized by a rod of the D arm six base pairs long against only 3 or 4 for a classic tRNA (Figure 7). This feature is a major identity determinant for an intermediate step of serine phosphorylation in eukaryotes [START_REF] Wu | The length and the secondary structure of the D-stem of human selenocysteine tRNA are the major identity determinants for serine phosphorylation[END_REF]. The acceptor's arm is also longer than on conventional tRNAs [START_REF] Hubert | The 9/4 secondary structure of eukaryotic selenocysteine tRNA: more pieces of evidence[END_REF]. This size is also essential for recognition by the specific elongation factor SelB, which is required to convert serine to selenocysteine [START_REF] Baron | The length of the aminoacyl-acceptor stem of the selenocysteine-specific tRNA(Sec) of Escherichia coli is the determinant for binding to elongation factors SELB or Tu[END_REF]. Finally, its variable arm is also longer than in any other conventional tRNA and determines its serylation [START_REF] Commans | Selenocysteine inserting tRNAs: an overview[END_REF].

The original and complex nature of tRNA Sec can be explained as follows: it must be aminoacylated by a canonical tRNA. This is not the primary function and then be recognized by a non-conventional elongation factor. It must be recognized by the ribosome, and therefore present specific determinants of a classic tRNA [START_REF] Rudinger | Antideterminants present in minihelix(Sec) hinder its recognition by prokaryotic elongation factor Tu[END_REF]; all of these characteristics make it unique in the world of transfer RNAs. This process involves the initial aminoacylation of tRNA [Ser]Sec with serine by Ser-tRNA synthase, followed by phosphorylation of serine by phosphoseryl-tRNA kinase to give phosphoseryl-tRNA [Ser] Sec . The phosphoseryl-tRNA bound residue is then converted to SeCys by the enzyme selenocysteine synthase (Sec synthase), a reaction in which selenium, in the form of monoselenophosphate, is transferred to the tRNA [Ser]Sec to produce Sec-tRNA [Ser]Sec [START_REF] Turanov | Biosynthesis of Selenocysteine, the 21st Amino Acid in the Genetic Code, and a Novel Pathway for Cysteine Biosynthesis12[END_REF]. The selenoprotein SPS2 is also essential in this process, which generates the monoselenophosphate necessary to synthesise SeCys. Another factor contributing to selenium metabolism is the enzyme selenocysteine lyase, which breaks down SeCys into L-alanine and selenide, allowing selenium to be recycled for further SeCys biosynthesis (69)(Figure 8). Beside tRNA [Ser]Sec , several additional factors are necessary for the successful incorporation of SeCys at UGA codons rather than termination of protein synthesis. For eukaryotic selenoproteins, SeCys incorporation is directed by a specific stem-loop structural element, called the selenocysteine insertion sequence (SECIS), which is located in the 3'-untranslated region of selenoprotein mRNAs [START_REF] Berry | Substitution of cysteine for selenocysteine in type I iodothyronine deiodinase reduces the catalytic efficiency of the protein but enhances its translation[END_REF]. The SECIS element forms the structural backbone for assembling several factors into an RNA-protein complex that directs the insertion of SeCys [START_REF] Small-Howard | Supramolecular Complexes Mediate Selenocysteine Incorporation In Vivo[END_REF]. Critical components of this complex in eukaryotic organisms include the SeCys-specific elongation factor (EFSec) and the SECIS 2 binding protein (SBP2) [START_REF] Tujebajeva | Decoding apparatus for eukaryotic selenocysteine insertion[END_REF]. EFSec is a GTP-dependent elongation factor that interacts exclusively with SeCys-tRNA [Ser] SeCys, while SBP2 is a trans-acting factor that coordinates the insertion of SeCys by binding to SECIS elements located in selenoprotein mRNAs-and recruiting EFSec. The mechanism of selenoprotein synthesis has been the subject of several excellent review articles examined in much more detail [START_REF] Donovan | Threading the Needle: Getting Selenocysteine Into Proteins[END_REF][START_REF] Flohé | The labour pains of biochemical selenology: the history of selenoprotein biosynthesis[END_REF]. 

Human selenoproteome

In humans, 25 selenoproteins were identified up to date [START_REF] Rederstorff | Understanding the importance of selenium and selenoproteins in muscle function[END_REF]. The first selenoproteins were identified in the 1970s in mammals with the proteins of the glutathione peroxidase family. Since then, thanks to in silico approaches, the almost exhaustive repertoire of human selenoproteins has been determined [START_REF] Driscoll | Finding needles in a haystack[END_REF].

Selenoproteins share few sequence similarities, and their great diversity reflects their involvement in various biological functions that do not have still been determined for some of them. Selenoproteins are not a family of proteins in the strict term since they do not derive from a common ancestor; however, they share common physicochemical properties. In Table 3, they are presented according to an alphabetical order. One major similarity of selenoprotein is the presence of at least one SeCys residue in the amino acids sequence.

In this family of proteins, three groups of selenoenzymes can be distinguished. This group are thioredoxin reductases, iodothyronine deiodinases and glutathione peroxidases.

Thioredoxin reductase enzymes belong to the pyridine nucleotide-disulfide oxidoreductase family. TrxR catalyses the reduction of thioredoxins (Trx) by NADPH [START_REF] Roy | Selenium-containing enzymes in mammals: Chemical perspectives[END_REF]. These enzymes are considered to be the major protein disulfide reductases in cells, being potentially the physiological equivalent of reducing agents, such as dithiothreitol (77). These proteins also play a role in the protection against the oxidative stress of the cells and are considered as one of the guarantors of homeostasis [START_REF] Arnér | Focus on mammalian thioredoxin reductases -Important selenoproteins with versatile functions[END_REF]. The family contains three proteins containing a SeCys residue that have similar reactivity domain, TrxR1, TrxR2 and TrxR3. Iodothyronine deiodinases is a protein family implicated in the regulation process of the thyroids hormone production and circulation, more precisely the 3,5,3'-triiodothyronine (T3) levels. They also seem to be implicated in the deiodation of the thyrosine T4 leading to the T3 active form from the outer and inner ring of the hormone [START_REF] Bernal | Reference Module in Neuroscience and Biobehavioral Psychology[END_REF]. This family includes three proteins containing a SeCys residue that have closed reactivity domain, DIO1, DIO2 and DIO3.

Glutathione peroxidase is a family of selenoproteins with 5 SeCys containing proteins (GPx1, GPx2, GPx3, GPx4 and GPx6). GPx1 is the most abundant selenoprotein, in mammals being mostly expressed in liver and kidneys. The GPx are antioxidant selenoenzymes protecting organisms from oxidative stresses by catalysing the reduction of hydroperoxides at the expense of GSH [START_REF] Roy | Selenium-containing enzymes in mammals: Chemical perspectives[END_REF]. Like others selenoproteins their main action is to maintain a low cellular and blood oxide level to avoid any damage by the oxidative stress [START_REF] Conrad | Comprehensive Toxicology (Third Edition)[END_REF].

Selenoproteomes of other organisms

Selenoproteins are present in all living organism domains: bacteria, archaea and eukaryote. However, SeCys is not used by all organisms, in yeast and higher plants, the SeCys insertion machinery is not present and therefore they do not possess natural selenoproteins expression. The number of selenoproteins that can be expressed in different organisms varies, ranging from one in certain insects, to 9 in the common spider, 25 in humans, 32 in oysters ( 81) and even 37 in fishes [START_REF] Lobanov | Eukaryotic selenoproteins and selenoproteomes[END_REF]. All mammals display a similar selenoproteome and the fish selenoproteome is known as the largest among the selenoproteomes [START_REF] Lobanov | Eukaryotic selenoproteins and selenoproteomes[END_REF]. Even if species are displaying similar selenoproteome, each protein is specific to the species, only the active domains of those proteins are similar.

Thioredoxin reductases

The cytosolic and mitochondrial thioredoxin reductase (TrxR) and thioredoxins (Trx1 and Trx2) are critical components of the mammalian thioredoxin system [START_REF] Ren | Redox Signaling Mediated by Thioredoxin and Glutathione Systems in the Central Nervous System[END_REF]. In addition, Trx and TrxR provide a coupled redox system required for redox reactions in biosynthetic pathways that control redox homeostasis in cells [START_REF] Ceccarelli | The redox state of the lung cancer microenvironment depends on the levels of thioredoxin expressed by tumor cells and affects tumor progression and response to prooxidants[END_REF][START_REF] Kirkpatrick | Redox Active Disulfides: The Thioredoxin System as a Drug Target[END_REF][START_REF] Bjørklund | Thioredoxin Reductase as a Pharmacological Target[END_REF].

TrxRs are FAD-containing pyridine nucleotide disulfide oxidoreductases that utilize NADPH to reduce the active-site disulfide of Trxs. Thus, TrxR is necessary for all biochemical pathways in which Trx is a reducing substrate [START_REF] Bjørklund | Thioredoxin Reductase as a Pharmacological Target[END_REF][START_REF] Fulvio | Thioredoxin Reductase and its Inhibitors[END_REF] (Figure 9).

The thioredoxin system is mediated by crucial redox-sensitive biological processes, including cell survival, growth, migration, and inhibition of apoptosis. Moreover, TrxR plays also an important role in diverse physiological and pathological conditions such as parasitoses, chronic inflammatory, autoimmune diseases, and neurodegenerative disorders [START_REF] Chupakhin | Thioredoxin reductase inhibitors: updated patent review (2017present)[END_REF][START_REF] Tonissen | Thioredoxin system inhibitors as mediators of apoptosis for cancer therapy[END_REF][START_REF] Selenius | Selenium and the Selenoprotein Thioredoxin Reductase in the Prevention, Treatment and Diagnostics of Cancer[END_REF][START_REF] Prast-Nielsen | Thioredoxin glutathione reductase: Its role in redox biology and potential as a target for drugs against neglected diseases[END_REF][START_REF] Boumis | Crystal structure of Plasmodium falciparum thioredoxin reductase, a validated drug target[END_REF][START_REF] Cimini | Neuroprotective effects of PrxI over-expression in an in vitro human Alzheimer's disease model[END_REF][START_REF] Peana | A Model for Manganese interaction with Deinococcus radiodurans proteome network involved in ROS response and defense[END_REF](95)[START_REF] Xiaoyuan | Targeting Bacterial Antioxidant Systems for Antibiotics Development[END_REF].

Considerable interest has been focused on thioredoxin reductase (TrxR) because its role as a regulator of homeostasis and various cellular signalling pathways essential for the functioning of cells. On the other hand, if it is defective, thioredoxin reductase is considered an attractive target for the development of anticancer agents as it is frequently overexpressed in cancer cells [START_REF] Zhang | Targeting the Thioredoxin System for Cancer Therapy[END_REF][START_REF] Liu | Recent advances in the development of thioredoxin reductase inhibitors as anticancer agents[END_REF]. In addition, its interaction with several metallodrugs has been described as responsible for the inhibition of its enzymatic activity. This protein is involved in the defence and repair damage mechanisms due to oxidative stress.

Considering its role in these mechanisms, this protein's-controlled activity and expression appear to be essential in research towards cancer prevention [START_REF] Jackson-Rosario | Targeting selenium metabolism and selenoproteins: Novel avenues for drug discovery[END_REF].

TrxRs are large homodimeric flavoproteins, and three isozymes, a cytosolic (TrxR1) and a mitochondrial (TrxR2) form, have been identified, the third one was only detected in testis and in spermatids cytoplasm. TrxR has a peculiar structure: one part of the molecule is a flavoprotein very similar to GR, while the other is a flexible arm, not found in GR, and containing at its C-terminus an accessible cysteinyl group and a selenocysteine group in vicinal positions [START_REF] Bjørklund | Thioredoxin Reductase as a Pharmacological Target[END_REF]100). TrxRs also possess an N-terminal redox centre characterized by a dithiol motif (Cys-XXXX-Cys). These groups allow the enzyme to form chelate complexes with heavy metals, where the metal ion is simultaneously coordinated to a selenol group (-SeH) and a thiol group (-SH), and these interactions cause inhibition of its activity. proposed a non-ambiguous notation for all selenoproteins using the root symbol SELENO followed by a letter, leading to the creation of the abbreviation SELENOP for selenoprotein P, replacing the previously used abbreviations such as SeP, SEEP1, SelP (108). Expression, functions and role of SELENOP in mammals are known(109). It is considered as a transporter and playing a role in the storage of selenium in the brain, testis (110, 111) and kidney (112), more recent studies show a function in the regulation of heavy metals concentration (113, 114) and a role as an antioxidant in plasma (106). As a biomarker, SELENOP can discriminate between the specific and nonspecific (and therefore nonsignificant) incorporation of Se in proteins (110,115). It responds to Se supplementation over a wider range of intakes than GPx3 (116).

Selenoprotein P

In marginally supplied individuals, low serum Se was found to be mirrored by the circulating SELENOP concentration, but not by the GPx3 activity (117). In studies of populations with relatively low selenium intakes, SELENOP was found to respond to different dietary selenium forms (118). Serum SELENOP concentration can be more than a biomarker of Se status: it was proposed to be used for the diagnosis and assessment of treatment efficacy and long-term prognosis in patients with pulmonary arterial hypertension (119) and hypertension (120). Recently, the mortality risk from COVID-19 was shown to be associated with selenium deficiency, and more specifically with SELENOP deficiency, causing a dysregulation of the redox homeostasis in pathological conditions which resulted in an excessive reactive oxygen species (ROS) generation (121,122).

During the last 40 years, many functions have been attributed to SELENOP including its involvement in the storage of selenium in the brain, testis (110,111) and kidney (112), defence against oxidative stress (123), loss of fertility (110), polycystic ovary syndrome (124) or regulation of heavy metals concentration (113,114). SELENOP was reported to play a role in the potential development of various forms of cancer (125-128) and to be associated with neurodegenerative diseases such as Alzheimer's (126,[129][130][131]. SELENOP was evoked as a therapeutic target for type 2 diabetes (129, 132-134) because of its role in the regulation of glucose metabolism and insulin sensitivity.

Structure

To date, the three-dimensional structure of SELENOP has not been solved. A possible reason for this is the difficulty in the exogenous over-expression of SELENOP in bacteria or in cultured cells, because of the presence of multiple SeCys residues in the polypeptide (135). Studies using recombinant SELENOP have been rare [START_REF] Tujebajeva | Decoding apparatus for eukaryotic selenocysteine insertion[END_REF]. Consequently, the SELENOP characterization was carried out on protein expressed endogenously by cell lines or purified from plasma and serum.

The matured predominant isoform of human SELENOP consists of 359 amino acids (AA) after cleavage of the predicted signal peptide (AA 1-21) (135) (Figure 11a). The selenium content (as SeCys) of SELENOP is distributed into two parts (109, 135). The N-terminal domain contains one selenocysteine at the 40th amino-acid in a U-x-x-C redox motif. The shorter C-terminal domain contains multiples selenocysteine, up to 9 in total for rats, mice, and humans (136, 137). The N-terminal domain is responsible for the enzymatic activity of this protein, while the C-terminal domain acts as the Se supplier (138) (Figure 11b).

SELENOP is not a homogenous protein. As a consequence of the SeCys gene expression by stop codon recoding, multiple forms of the SELENOP of different molecular weight exist in terms of relation to genotype, differential splicing, premature interrupted translation at one of the UGA codons, limited posttranslational proteolysis or partial replacement of SeCys by Cys (135,[139][140][141][142]. To date, four isoforms have been identified in rat plasma. Beside the full-length isoform with 10 selenocysteine residues, shorter isoforms terminating at the 2 nd , 3 rd , and 7 th selenocysteine (141), with 1, 2 and 6 selenocysteines, respectively, were reported (143). Interestingly, in a study involving ca. 2000 subjects, the average determined number of Se atoms per SELENOP molecule (5.4) was considerably below the predicted number of 10 Se atoms (144). In the native form, SELENOP contains selenenylsulfide and disulfide bridges. It possesses three Nglycosylation sites at the N-terminus and one O-glycosylation site at the C-terminus (145) and thus, can be referred to as glycoprotein. One highly glycosylated form is secreted by the liver (146). Seleniumsupplemented HepG2 hepatoma cells secrete N-glycosylated SELENOP as well (147). The posttranslational modifications are thought to confer a particular structural behaviour to SELENOP and to protect selenium by reducing its reactivity (148).

Metallodrugs

Platinum compounds

In mid-1960, an accidental discovery of anticancer properties of inorganic coordination compounds containing platinum revolutionized the chemotherapy cancer treatment (149). The six-coordinate octahedral cis-[PtCl4(NH3)2], with Pt 4+ ion and cis-[PtCl2(NH3)2], with Pt 2+ ion that was effective in arresting the cell division (150). Later known as "cisplatin" it turned out very effective on sarcoma and leukaemia cells while trans isomer exhibited little antitumor activity (150). This discovery triggered off research on Pt compounds as metallodrugs for cancer therapy and led to the approval of the other two compounds, referred to carboplatin and oxaliplatin, shown in Figure 12. Major obstacles to the clinical use of platinum drugs include their toxicity and the development of cell resistance. To reduce these effects, it is crucial to understand the chemical properties, transport, metabolic pathways and mechanism of action of these compounds. There has been considerable evidence that the therapeutic and toxic effects of platinum drugs on cells are due to the formation of covalent bonds between platinum complexes and DNA, RNA and many proteins, such as, e.g., human albumin.

The chemistry of cisplatin has been extensively studied. In blood, the concentration of the chloride ion is about 105 mM and, according to Le Chatelier's principle (151), the loss of the chloride ion from cisplatin is suppressed by the chloride ion in solution. The reaction shown in Figure 13 does not progress very far to the right (from 1 to 2). According to the first-order kinetics for conversion from 1 to 2, the half-life for cisplatin at 35.5 ºC is 1.05 h. The binding of a water molecule to the Pt 2+ ion makes the water very acidic, and mono aqua species 3 is dissociated in the monohydroxo complex 4. So, in an aqueous solution with a high chloride concentration, forms 1, 2 and 4 predominate. In the cytoplasm, where chloride ion concentration is only 4 mM, the equilibria shift to the right and form 3, 5 and 6 predominate.

A standard route of cisplatin administration is the infusion of the solutions, such as Platinol® and Plationol®AQ, containing 3.3 mM cisplatin (1 mg/ml) and 154 mM sodium chloride, NaCl (standard saline solution). Since the pH is adjusted to pH about 4, the solution in Platinol contains mainly (95%) of species 1 and only smaller amounts of 3 and 4 (149).

Recent studies have increased knowledge on cisplatin target, the initial target of cisplatin was the DNA (152,153). The DNA platination is lethal to the cell, because the repair mechanisms are not able to remove the ligand from the DNA strand. Cisplatin is known to target membrane-bound Na + /H + exchanger proteins. When cisplatin binds to the protein in human colon cancer cells, it causes intracellular acidosis, increases the fluidity of the membrane through the promotion of lipids rafts and induction of apoptosis via FAS pathway and cell death (154). Other targets described for cisplatin are zinger fingers that bind to the DNA and regulate gene expression (155). Four thiolate groups from cysteine residues coordinate the zinc atom in the zinc finger. Cisplatin reacts with the Zn 2+ ion in stepwise to substitute the coordinated Zn 2+ ion from the finger. Thus, the reaction between a zinc finger and cisplatin is faster than between cisplatin and DNA. Recently, the C-terminal selenocysteine residue of thioredoxin reductase (TrxR) was considered an excellent target for platinum drugs (156).

Gold compounds

Gold compounds have been employed throughout history to treat various types of disease, from ancient times to the present day. In 1985, auranofin (Figure 14), a gold-containing compound, was approved by U.S. Food and Drug Administration (FDA) as a therapeutic agent to target rheumatoid arthritis that would facilitate easy oral drug administration instead of conventional intramuscular injection used in treatments (157). Auranofin was removed in 2008 from the market due to low proof of efficiency over rheumatoid arthritis. However, over the last decade there has been a lot of research repurposing auranofin as an antitumoral therapeutic and investigating new analogues (Figure 14)(158-162).

From the chemical point of view, gold derivatives deserve special attention due to the unique position of this metal within the periodic 

167).

A similar action of gold (III) complex was observed on human ovarian cancer stem lines, and in one study, it was compared with cisplatin and oxaliplatin. Antiproliferative and pro-apoptotic actions of gold complexes were more robust than those of platinum derivatives (166,167). In another study, gold complexes were assessed for their antiproliferative potential in ovarian cancer cell lines and embryonic cell lines -it was found that they selectively inhibit thioredoxin reductase in cancer cells (167, 169). This interest in new metal compounds with different mechanisms of action than Pt 2+ is driven by a wish to decrease the toxic side effect common with a platinum drug.

Other metals compounds

Intense works on other metallodrugs are pursued to find metallodrugs that can induce apoptosis of cancer cells without damaging healthy cells and provoking toxic side effects. Non-platinum metal anti-cancer complexes are currently not employed in the clinic. Nevertheless, complexes of ruthenium (e.g. NAMI-A and KP1019) Figure 15 (172-174)), titanium (e.g. budotitane and titanocene dichloride) Figure 15 (175, 176), or gallium (e.g. gallium nitrate, gallium chloride and gallium malonate) (177, 178) were already tested in clinical trials and complexes with e.g. silver, copper, iron, palladium, osmium, iridium or rhodium as central atom showed promising results in preclinical studies (179)(180)(181)(182)(183)(184)(185)(186)(187)(188)(189)(190)(191). 

Reactivity of selenium with metal ions

The growing interest in selenium's role in biology has been focused on its ability to bind to other elements and, more specifically, to certain metalloids and metals. Selenium has been assumed to modify the toxicity of many heavy metals because of the chemical properties of their selenides by interacting with them. The group of Naganuma et al.,(192) is among the first to have studied the ability of selenium to interact in vitro and in vivo with a wide variety (more than 20) of metal ions. In more detail, they were able to observe that the behaviour of selenium in biological systems was influenced by many metals in vitro and in vivo. This observation is important in contemplating the biological roles of selenium as an essential element or as modifying factor for the toxicity of metal compounds. Significant change in tissue distribution of 75 Se was observed when Na2 75 SeO3 was co-administered with Hg 2+ , Pb 2+ , As 3+ , Cd 2+, Ag + , Cu + , Zn 2+ , Cr 3+ , Cr 6+ , Pt 2+ , Au 3+ , Bi 3+ or Pd 2+ . Hg 2+ was the most effective and significantly altering the concentration of 75 Se in all the tissues subjected to the measurement; and effects of Pb 2+ , Cd 2+ , Ag + and Cr 3+ were also meaningful (192). However, this pioneering study did not take into account the fact that the biological role of selenium is mainly accomplished via selenoproteins, a particular group of proteins containing in their structure selenocysteine [START_REF] Böck | Selenocysteine: the 21st amino acid[END_REF].

According to the hard and soft acids and bases (HSAB) theory ( 37), selenium-containing compounds are soft Lewis's base. Therefore, selenium of selenoproteins can represent the preferential and likely target of soft Lewis's electrophiles, such as heavy metals, e.g., Hg, Pb, As, Cd involved in environmental and human toxicology, and noble metal compounds containing Au, Ag, Pt, etc…, employed as therapeutic agents.

The work of Di Sarra et al. (193) shows that auranofin in the presence of Ph-SH or Ph-SeH will react differently. As shown in Figure 16, the incoming SH or SeH nucleophile rapidly displaces the tetraacetylthioglucose (TATG) ligand (193). Both processes are reversible. Widely different equilibrium constants characterize them. The formation of the Se adduct displays an equilibrium that favours its formation, meaning that the reaction will be faster between Se and Au than S and Au. The reaction of auranofin with a thiol or selenol can be described like in Figure 17. In chloroform, the reaction leads to clean substitution of TATG thiolate moiety by PhX -(X= S, Se) to form a Et3P-Au-XPh adduct. The reaction is reversible and characterize by a higher affinity of Au for Se rather than S by a factor of 10 3 . In pore polar solvent, like methanol, the reaction with S and Se is basically similar even if Se reaction is more complex. The initial adducts, in equilibrium with the reactant, eventually yield Ph2Se2 through the facile oxidation of the selenol and the PhSeH oxidized can also react if in excess with Et3PAuSePh to form another adduct PhSeAu with a naked gold moiety (193).

Thioredoxin reductase and its mimics as target for metallodrugs

The crucial role of the interactions of metallodrugs with protein targets in determining the compounds' pharmacological action, uptake and biodistribution, and their overall toxicity profile, has been recognized and the number of studies has been increasing exponentially (194)(195)(196).

The two major serum proteins, albumin and transferrin, involved in the transport of metals and metallodrug in the bloodstream and metallothioneins, small, cysteine-rich intracellular proteins involved in the storage and detoxification of soft metal ions have been the most investigated proteins as metallodrug targets (189).

Thioredoxin reductase (TrxR) has attracted a lot of interest because of the reactivity of the selenocysteine residue at its C-terminus (156).

The inhibition effect of metallodrugs on TrxR is attributed to the binding of Au I (from auranofin) binds to the C-terminal redox-active motif -GCUG-of thioredoxin reductase.

It is evident that SeCys moiety, together with sulfur, oxygen or nitrogen donors' groups, is a potential binding site for metals. However, even if this simplified vision seems to be logical and plausible, the experimental evidence is necessary to validate it. Also, besides selenol residues, selenoproteins contain sulfur, oxygen or nitrogen donor groups which can (and most probably do) represent competitive binding sites to SeCys. Work on inhibition by auranofin of TrxR was extensively pursued (197)(198)(199), but few publications present the structural detail of the interaction of gold compounds with TrxR. For that the development of MS techniques has increased insight on a comprehensive vision of this reaction. 

Interactions of thioredoxin reductase with gold and other metals compounds

Gold complexes, mainly those with the metal in the oxidation state +1 (soft Lewis acids), are able to irreversibly bind to the active site of mammalian TrxR through coordination to the selenocysteine residue (SeCys-498) at the C-terminal domain (200). In this way they exert antitumor effects through the inhibition of thioredoxin reductase (TrxR) and the respiratory chain complex I (201, 202).

Table 4 summarizes studies of the interaction between thioredoxin reductase and Au-based drug candidates over the past 20 years (198, 201, 203-206) having provided molecular information by mass spectrometry. However, older studies have not investigated the type of interaction between the protein and Au complexes and the mode of action of thioredoxin reductase inhibition.

Au is not the only metal that has been studied. Other publications report interactions between thioredoxin reductase and potential metallodrugs based on other metals.

Works on compounds with Fe moiety were displaying a significative inhibitory effect on TrxR1 (207,208), by the formation of a quinone methide after oxidation of the compounds that could react with SeCys of the TrxR. However, no MS data have confirmed the localisation of the compound along TrxR.

Osmium-based compounds were also investigated by Scalcon et al. (209,210). They were also displaying inhibition of TrxR1 after oxidation. That similarity in terms of reactivity is due to the structural resemblance of osmocenyl-tamoxifene and ferrocifene which are both analogues of the Tamoxifen a commercial drug used as a selective oestrogen receptor modulator.

Mura et al. were the first to show that ruthenium-based compounds were acting as an inhibitor of TrxR1 in rat (211). This observation was later confirmed by Scalcon et al. where their analogue of tamoxifen with ruthenium was also displaying this inhibitory effect of TrxR1 (209).

Another metal-drug compound known for its toxicity was explored, arsenic. Arsenic-based compound like arsenic trioxide which is used in leukaemia, were investigated as a potential target for TrxR1 inhibition. The first studies from Talbot et al. observed that arsenic trioxide was decreasing selenoproteins synthesis of the studied cells line (198). Other studies from Lu et al. determine that arsenic trioxide was reacting with the SeCys active site of TrxR by mass spectrometry, they have considered that the blocking of SeCys results in the inhibition of TrxR (212).

The action of platinum-based drugs was also explored by Arnér et al. (213) A comparative investigation on the inhibition of the human TrxR and a hTrxR mutant (where Cys substituted SeCys) induced by selected Pt(II) and Au(I) compounds are also described. These studies showed that Pt(II) and Au(I) compounds are two to four orders of magnitude less effective in the inhibition of the mutant compared with the wild type hTrxR (204, 215).

Finally, gadolinium was also described as potential TrxR inhibitor. Hashemy et al. have showed that motexafin gadolinium is a non-competitive inhibitor of TrxR, not suppressing the protein activity, but increasing the production of the enzyme to counteract the inhibition (216). They were able to quantify the total enzyme concentration and the active concentration using auranofin inhibition of TrxR1.

(220) Au(III) complex (drug candidate)

His-Au Cys-Au SeCys-Au

Mass spectrometry is a usefull tool to link molecular reactivity and target preference of metalbased drug candidate with their biological effect. It is also important to consider the antiproliferative activity of the ligands released when considering the cytotoxic effects of metal complexes.

(221) Table 5 summarizes studies of the interaction between proxies of thioredoxin reductase and Au-based drug candidates over the past 20 years (217, 222, 223) having provided molecular information by mass spectrometry. (

Thioredoxin reductase proxies and their interaction with gold and platinum compounds

) 222 
Gold N-heterocyclic carbene, Auranofin

Acetyl-SGGDILQSGCUG-NH2

Au-SeCys Au-Cys Au(I) binding between SeCys and Cys moiety with the 12peptide model was reported with similar result than the one with reported with the tetrapeptide.

(223)

Interaction of metallodrug with other selenoproteins

Like thioredoxin reductase, glutathione peroxidase is also a tetrameric selenoenzyme containing a selenocysteine in each subunit. Differently from TrxR which is largely described as a target for metallodrugs action, for GPx only a few old articles report about its interaction with gold drugs but the structural interaction details are not reported and the Se-Au binding is only speculated (224-226).

Interactions of others selenocompounds with metallodrugs

Meier et al. (221) studied the interaction of Au (III) complexes with a mixture of amino acids (Lhistidine, L-methionine, L-cysteine, L-glutamic acid, methyl seleno-L-cysteine (SeMe-Cys) and seleno-L-cysteine generated in situ). Gold compounds were displaying different reactivities with amino acids. Depending on the compounds the binding preference varies but SeCys, Cys and SeMe-Cys are the main targeted amino acids for gold compounds binding. The binding mechanism of the Au(III) compounds with the amino acids is preceded by a reduction or a loss of ligand of the Au(III) to form Au(I), the Au(I) being the reactive species that bind to the amino acids.

Model investigations were used to understand binding consisting of ferrocenyl quinone methide with glutathione reductase, a competitive reaction of equimolar amounts of reduced cystamine and selenocystamine with ferrocenyl quinone methides were conducted, cystamine and selenocystamine were used as a model to mimic Cys and SeCys. This experiment bring the evidence that the selective alkylation of selenol appears at neutral pH (207).

The competitive reactivity of gold species with disulfide and diselenide bridges and its consequences are poorly understood, and the studies have been scarce and limited to simple aminoacids, selenocystein and selenocystamine (221,227). The Se-Se bond and S-S bonds were found (by 31 P NMR) to be broken with bis(trialkylphosphine) gold(I) bromide, resulting in the formation of R3PAu+, R′SeH, R′Se-Au-PR3, R3PO and (AuSeR′)n (227). Selenocystamine was found to react with (Et3P)2AuBr about 100 times faster than its corresponding disulfide. However, cystamine reacts twice as fast with (Me3P)2AuBr compared to its corresponding diselenide. Meier et al. reacted (SeCys)2 with gold(III) compounds by mass spectrometry but (SeCys)2 were reduced before interaction with Au (221).

Separation of biological selenium species

Different chromatographic techniques are used to separate the selenoproteins present in complex mediums prior to their qualitative and quantitative detection. Selecting a suitable chromatographic technique depends on physical and chemical properties, such as polarity and charge of analytes of interest. The techniques used to separate selenoproteins from serum samples are liquid chromatography (LC) and gel electrophoresis (GE). The choice of a proper mobile phase, its pH and ionic strength, elution gradient, and time of analysis are critical to obtain a good separation and preserve the chemical forms of the protein of interest in case they were unstable, or prone to precipitate (228).

Affinity chromatography has been the main technique to isolate selenoproteins from serum. The main HPLC separation mechanisms used in the separation of selenocompounds and their metal adducts have been size-exclusion (SEC) and reversed-phase HPLC. Gel electrophoresis (SDS-PAGE) has been mostly used to confirm the selenoprotein expression and its purity.

Affinity chromatography

Affinity chromatography takes advantage of specific binding interactions between the analyte of interest (typically dissolved in the mobile phase), and a binding partner or ligand (immobilized on the stationary phase). In a typical affinity chromatography experiment, the ligand is attached to a solid, insoluble matrix usually, a polymer such as agarose or polyacrylamide, which is chemically modified to introduce reactive functional groups with which the ligand can react, forming stable covalent bonds (229). The stationary phase is first loaded into a column to which the mobile phase is introduced. Molecules that bind to the ligand will remain associated with the stationary phase. A buffer is then applied to remove non-target biomolecules by disrupting their weaker interactions with the stationary phase, while the biomolecules of interest will remain bound. Target biomolecules may then be removed by applying a so-called elution buffer, which disrupts interactions between the bound target biomolecules and the ligand. The target molecule is thus recovered in the eluting solution (230).

Affinity chromatography does not require the molecular weight, charge, hydrophobicity, or other physical properties of the analyte of interest to be known. However, knowledge of its binding properties is helpful in the design of a separation protocol (230).

Immobilized Metal Affinity Chromatography (IMAC) is affinity chromatography whose mechanism is based on the chelation of immobilized metals. It aims to study complex samples such as biological samples. Chelation is a process in which a complex is formed between a metal cation and a ligand. In immobilized metal chelation, we initially have a metal ion immobilized in a column, into which we will flow the mixture under study. Bonds between the metal and the ligands will form at a pH between 7-8, obtained with a buffer solution introduced into the column. IMAC is used to separate proteins that naturally have histidine groups exposed on their surface (231) (Figure 19).

Heparin, also known as unfractionated heparin (UFH), is a naturally occurring glycosaminoglycan. Specific binding of SELENOP and Heparin was described by Arteel et al. (231). Heparin columns are prepacked with Heparin Sepharose for high-resolution purification of proteins with affinity for heparin, such as DNA-binding proteins, coagulation factors, lipoproteins, and protein synthesis factors. Immobilized heparin has two main modes of interaction with proteins. First, it can operate as an affinity ligand for a wide range of biomolecules, including coagulation factors and other plasma proteins, lipoproteins, protein synthesis factors, enzymes that act on nucleic acids, and steroid receptors. Second, Heparin also functions as a high-capacity cation exchanger due to its anionic sulphate groups. Gradient elution with salt is most commonly used in both cases. 

. Size exclusion chromatography

The separation principle is based on the difference in the size and shape of molecules present in the sample. Smaller molecules are retained longer in the pores of the stationary phase, which is usually built of densely crosslinked polymers. The species of the largest size are washed out the fastest from the column because they do not penetrate into the pores of the stationary phase; Figure 20 shows an example of separation of compounds by SEC columns showing the elution of high molecular weight compounds at first followed by intermediate and finally low molecular weight compounds. The degree of crosslinking and pore size of the bed are selected according to the mass range to protect the column from destruction or obstruction. There are two types of packing used in SEC, polymeric gels or modified silica particles.

In SEC columns, the number of theoretical plates is relatively small, and the separation efficiency is measured as the number of theoretical plates, which can be improved by using a stationary phase with a smaller particle size and adapting the chromatographic conditions.

Moreover, the success of SEC depends primarily on choosing conditions that give sufficient selectivity and counteract peak broadening effects during the separation; so, the selectivity of an SEC medium depends on its pore size distribution (232).

Reversed phase chromatography

Reversed-phase chromatography RP-LC is the most commonly used type of liquid chromatography. It is based on the distribution of the solute between the two phases according to the binding properties of the medium, the hydrophobicity of the solute and the composition of the mobile phase: this technique uses gradient elution, so initially, experimental conditions are optimized to favour adsorption of the solute from the mobile phase to the stationary phase then, the mobile phase composition is modified to favour desorption of the solute from the stationary phase back into the mobile phase for elution (233). However, it is often impossible to achieve their complete separation in the case of strongly hydrophilic and high-polar compounds -analytes do not interact with the column bed and are not eluted selectively. This method is commonly used in the selenoprotein speciation for the separation of peptide and seleno-species, but it was not described as the primary separation method. After tryptic digestion, it is usually chosen to separate selenopeptides prior to their analysis by ICP-MS or ESI-MS analysis. 

Detection of selenium by inductively coupled plasma mass spectrometry

Principle of inductively coupled plasma mass spectrometry

ICP-MS is a reference technique used for trace elemental and isotopic analysis ( 235). ICP MS gives information about the total metal content of a sample but not about the oxidation state of the metal and its interaction with molecules present in the sample. Argon plasma used in ICP MS has a very high ionisation power which makes possible the analysis of a vast number of elements; 90% of the elements from the periodic table are ionised as monocharged positive ions by this technique. In a standard configuration, liquid samples are delivered to the nebuliser by a peristaltic pump, where they are converted into aerosols in the presence of a carrier argon gas; then, fine droplets of aerosols are separated from the large ones in a spray chamber. Concerning solid samples, laser ablation coupled to ICP MS is used to determine elements directly with minimal sample preparation.

The principle of ICP MS is consist of sample ionisation by plasma flame (Figure 21):

• The droplets are transported into the horizontal plasma torch consisting of three concentric tubes: outer tube, middle tube and sample injector.

• The outer tube and the middle tube are responsible for plasma cooling and adjusting its position, while the sample injector is responsible for the transport of the aerosol into the plasma.

• Argon flow is supplied to the internal tube at the stage of nebulisation of the sample. It acts as a carrier gas and transports the sample inside the injector.

• Argon flowing through the central tube -the auxiliary gas -separates the sample stream leaving the injector from the plasma flame, and prevents extinction of the plasma.

• Plasma is formed by RF oscillation of the current applied to the load coil creates an electromagnetic field at the top of the torch and the high-voltage spark applied to argon gas causes a loss of electrons for some argon atoms that are caught and accelerated in the magnetic field.

• Collisions of argon atoms with electrons lead to the formation of high-temperature plasma discharge at around 10000 K. The aerosols entering the plasma pass in different heating zones cause solvent vaporisation and the creation of tiny particles that are changed into charged atoms then into ions due to the collision with energetic argon electrons.

• Once monocharged positive ions are formed in the plasma, they are moved to the mass spectrometer via the interface region consisting of two metallic cones called sampler and skimmer, helping transition between the ICP ionisation chamber atmospheric pressure and the analysers under high vacuum.

• Finally, the ion passes through the cones and the optics to reach the analyser. The most common analyser is quadrupole (Q) mass analyser is widely used as detectors in ICP and molecular ESI mass spectrometers (85% of all ICP mass spectrometers used for trace element analysis) because it is cheap, light-weight, use low ion acceleration and has absolute detection limits in subpicogram range (236). Quadrupole mass analyser consists of four cylindrical or hyperbolic rods made of metal (stainless steel or molybdenum) that have the same length and diameter: these rods are set in parallel to each other and arranged in the way that the direct current (DC) field and alternating current (AC) of radiofrequency are placed on opposite pairs of rods. When a particular potential is applied to the rods, the analyte ion of interest oscillates down the middle of the four rods to the end, where it will emerge and be converted to an electrical pulse by the detector. The other ions of different mass to charge will be unstable, pass through the spaces between the rods, and be ejected from the quadrupole (237).

Even if quadrupole is currently the most used mass analyser some are also used with ICP, it is the case of the magnetic sector, time-of-flight (Table 6).

The ICP-MS technique is characterised by high selectivity. However, it suffers from some interference. Two main groups of interference can be distinguished:

• Matrix interferences -suppression or increase of the analyte signal, which leads to an incorrect determination result. They are related to differences in the physical properties of the matrix components.

• Spectral interferences -they can mask the presence of a peak or, on the contrary, increase its height. They may originate from the ions of other elements (isobaric interferences) that are part of the matrix, formed due to the combination of atoms (polyatomic interferences) or multiple ionisations. 

Spectral interferences in selenium inductively coupled plasma mass spectrometry detection and their removal

ICP-MS allows a specific detection of the individual selenium isotopes. Selenoprotein P can be therefore quantified via its selenium content once it has been separated from the other selenium-containing species. Even if the sensitivity of ICP-MS for selenium is inferior to that for most metals because of its higher first ionization potential (9.75 eV), higher proneness to matrix suppression, and the split of ions available among six isotopes, it is fully compatible with the requirements for SELENOP detection in HPLC.

The main problem is the choice of the least interfered isotope as all the Se isotopes can be interfered by polyatomic ions: Ar2 dimers or Ar combinations with Br, S, or Cl. A possible interference is 156 Gd in serum of patients having received Gd contrast agents were also evoked (238). The interfering elements can be separated by HPLC (239) and are usually not a problem which favours the choice of The resolution power necessary to resolve these interferences exceeds that of sector-files and time-offlight instruments. The interferences are dealt with by collisions generating either naked Se isotope (qQ) or shifting its m/z to higher mass by the formation of an oxide in the collision cell (QqQ)

Collision cell instruments (qQ)

The analytical quadrupole is preceded by another multipole acting as a collision/reaction cell. The cells are pressurized with a gas or a mixture of gases to reduce or eliminate the interfering polyatomic species by collision dissociation and/or gas-phase chemical reaction ( 186). The list of gases that can be used in collision/reaction cell ICP-MS is given below with the most often used reagent gases written in bold:

• Collision gasses: He, Ar, Ne, Xe

• Charge exchange gases: H2, NH3, Xe, CH4, N2

• Oxidation reagent gases: O2, N2O, NO, CO2

• Reduction reagent gases: H2, CO

• Other reaction (adduction) gases: CH4, C2H6, C2H4, CH3F, SF6, CH3OH

In case of selenium the most commonly used gases are hydrogen or mixture of hydrogen and helium, (240, 241). Significant (2-3 times) detection limit improvement is observed when monitoring 80 Se, for both total selenium determination and speciation analysis, comparing to 82 Se monitoring in standard mode. The detection limits of Se reach with this method is around 10-100 ppt.

Tandem MS/MS instruments

An additional analytical quadrupole is introduced in front of the collision/reaction cell. It operates as a mass filter, allowing ions with one m/z-ratio to enter the cell. This leads to better control over the reactions in the qO cell and more insight into the reaction mechanisms and the origin of the reaction product ions observed (242).

Quantification of selenium

Two main techniques are used to quantify protein using ICP, the standard curve method and isotopic dilution (243, 244).

Standard curve methods

In ICP-MS, any compound of the determined element can be used as a standard because the response in ICP-MS is independent of its molecular environment (245). Therefore, protein selenium can be quantified using selenite as standard by an external or standard addition calibration curve. The applications have been reviewed in the literatures (246). Note that an element standard can be used for protein quantification only when the analyte has been identified or the structure and stoichiometry of the analyte have been known. In this case, the matrix interference from the proteins can be negligible, and the element standard can be used for protein quantification with an accuracy of 10% or better, as long as the protein concentration is sufficiently low.

Isotopic dilution

The most effective method to correct for both matrix effects and instrument drift in ICP-MS is isotope dilution. A known amount of an isotopically-enriched isotope of the analyte is added to the sample, and measured. The change in the isotope ratio is used to calculate the original composition of the sample. Thus, the enriched isotope acts as both a calibration standard and an internal standard.

Different isotopes may exhibit differential transmission in the ICP (partly due to the space-charge effect). Therefore the measured isotope ratio must be corrected for mass bias (247,248). This technique has been successfully applied to the analysis of analytes in urine, blood and plasma (249, 250). A caveat here is that isotope dilution requires the analyte to have at least two isotopes that are free of spectroscopic interference.

Therefore, the method does not apply to monoisotopic elements such as, e.g. gold. Although these methods are highly accurate and robust, they are also both laborious and expensive. For these reasons, isotope dilution methods are rarely used in routine measurements.

Detection of selenopeptides, and their adducts with metals by soft-ionization mass spectrometry

In contrast to ICP MS in which the analyte molecule is atomized and the atoms (isotopes) are ionized, soft ionization techniques preserve the integrity of the molecule, producing ions by the addition or loss of one or several protons. The most common soft ionisation modes used in mass spectrometry of selenocompounds are electrospray ionisation (ESI), Matrix-Assisted Laser Desorption Ionisation (MALDI).

Electrospray ionization

Electrospray MS is one of the most popular ionization methods used to study peptides, proteins and their covalent and non-covalent complexes. Electrospray ionization can preserve the integrity of species without fragmenting them; it can be used for both low-and high-mass compounds. ESI MS can give information about relatively stable metalo-species that metal forms with amino acids, peptides, proteins and carbohydrates: there is a possibility to work in positive or negative ion mode since ESI provides protonated apparent molecular ions [M + zH] z+ with a charge of ≥ 1 (positive ion mode) and deprotonated ones [M-zH] z-(negative ion mode) that enables to find the ideal conditions to ionize different types of charged species (251). The electrospray ionization consists of several stages: ion formation, nebulization and desolvation, which transfer ions from the liquid to the gas phase and their introduction into the MS vacuum. These stages are discussed below, illustrated in Figure 22, showing processes taking place from the ion formation until the mass analyser: • The aqueous analytes are passing through the electrospray needle, which causes the generation of the spray of small, highly charged droplets as a result of contact of the sample stream with a high-value electric field.

• From the droplets, the neutral solvent molecules are evaporated, leading to a decrease in the droplet size and, in the end, to the formation of molecular ions. When the charge exceeds the Rayleigh limit, the droplet explosively dissociates, leaving a stream of charged ions.

• The molecular ions are often multiply charged, and in the next step, they are transported from the atmospheric pressure to the high vacuum area where they explode, generating the analyte ions.

• In the mass analyser, the ions are separated according to their mass-to-charge ratio. The ESI-MS mass spectrometry can be used independently or in combination with various separation techniques, such as LC chromatography: volatile solvents should be used to avoid source contamination. The presence of salts should be limited as much as possible to avoid crystallisation inside the system. If the salts are non-volatile, they may deposit on lens elements, leading to ionisation suppression and coating of the ion optics, leading to a significant sensitivity reduction.

The parameters to be optimised (236) in order to obtain optimal detection conditions such as high sensitivity and signal stability are:

• position of the probe: to maximise the introduction of analytes into the analyser

• drying gas flow and auxiliary: to optimise desolvation (vaporisation temperature can be used to facilitate desolvation) and to focus the spray better

• capillary tension applied to ionise the analytes: to maximise the generation of ions through the spray

• temperature of transfer through capillary: to complete desolvation and help transport of ions to the analyser

• voltage applied to the different poles of ions optics: to focus the ions towards the analyse

In addition to quadrupole, electrospray ionization is used in combination with different types of highresolution mass analysers, such as time-of-flight (TOF), Orbitrap, or ion cyclotron resonance of which the fetures are summarized in Figure 23 (252).

Figure 23 Comparison of physical and analytical features for high-resolution, full mass range techniques in mass spectrometry

The mass analyser used thought this thesis has mostly been Orbitrap. The principle of operation of Orbitrap (Figure 24) is based on the confinement of ions in an electrostatic potential well created between carefully shaped coaxial central and outer electrodes. Ions are pulsed into the device to rotate around the central electrode and oscillate along with it. The outer electrode is split into two halves to allow differential image-current detection. ion excitation is not necessary to induce large amplitude and coherent oscillations. Instead, ions are injected with the requisite coherent motion -by using a C trap-to accumulate, store, and thermalize the ions by a low nitrogen pressure before injection (236). Detection immediately occurs after all ions have been injected into the trap and after the voltage on the central electrode has stabilized (253). The image current from the trapped ions is detected and converted to a mass spectrum using the Fourier transform of the frequency signal.

Matrix assisted laser desorption/ionisation -Time-of flight mass spectrometry

Matrix-assisted laser desorption/ionisation (MALDI) is an ionisation technique that uses a laser energy absorbing matrix to create ions from large molecules with minimal fragmentation (254). It has been applied to analyse biomolecules (biopolymers such as DNA, proteins, peptides and carbohydrates) and various organic molecules (such as polymers, dendrimers and other macromolecules), which tend to be fragile and fragment when ionised by more conventional ionisation methods. MALDI methodology is a three-step process. First, the sample is mixed with a suitable matrix material and applied to a metal plate. Second, a pulsed laser irradiates the sample, triggering ablation and desorption of the sample and matrix material. Finally, the analyte molecules are ionised by being protonated or deprotonated in the hot plume of ablated gases, and then they can be accelerated into whichever mass spectrometer is used to analyse them (Figure 25)(255).

MALDI is usually used in combination with a Time-of-flight (TOF) mass analyser (236). The main advantage of the TOF mass analyser is its speed and high mass range up to 100,000 Da.

Tandem mass spectrometry

The Principle of Tandem Mass Spectrometry Tandem mass spectrometry is based on coupling mass spectrometers together in a series to analyse complex mixtures (Figure 26). The method uses two mass filters arranged sequentially with a collision cell between them. The filters can be used in static or scanning mode to select a particular mass-to-charge (m/z) ratio or m/z range. The precursor ions collide with gas molecules in the collision cell and are fragmented into smaller ions referred to as product ions. Tandem mass spectrometers are versatile in that they can be operated using a variety of different scan modes depending on the clinical application. This method is used in peptide and amino acid sequencing, also called De novo peptide sequencing. It enables gas-phase isolation of individual peptide ion species followed by collision-induced dissociation and detection of the resultant amino-acid sequence-specific fragment ions (256). De novo peptide sequencing is a very sensitive, accurate, and efficient method for sequencing peptides via the generation of these fragment ions. In addition to providing means to identify proteins, tandem mass spectrometry also offers tools to interrogate proteins for post-translational modifications. ICP-MS is usually coupled to size exclusion (SEC), affinity chromatography (IE), reverse phase chromatography (RP) and other chromatographic separation (257). The hyphenation requires an acceptance by the plasma of the sample transmitted from the separation system. The parameters to be taken into account include the eluent flow rate and its composition. The key to a successful HPLC and ICP-MS coupling is the interface, so the column flow should be matched with the optimum nebulizer flow in the aim to get an effective separation, so typically the nebulizer selected is the one that assures the presence of the highest proportion of fine droplets in the aerosol (258).

The coupling of ESI-MS to liquid chromatography allows the separation of sample components and reduces matrix complexity which facilitates the analysis. The parameters to be adjusted include capillary temperature, carrier gas temperature, and spray voltage. At present, the methodologies used in proteomics are based mainly on liquid chromatographic methods combined with mass spectrometric (MS) detection(258).

LC-MS-based methodologies have been used for the analysis of proteins for both target analysis and non-target profiling. Ultra-high performance liquid chromatography (UHPLC) presents an interest since it allows an increase in chromatographic resolution via capillary LC applications, enabling a reduction of sample consumption, especially when available sample volume is low. Results have shown further advantages such as detecting higher numbers of ions and an increase in sensitivity compared to ordinary LC-MS analysis (259). In more recent advancement, the development of nanoUPLC is also opening a new field of possibility in proteomics with the use of an ultralow amount of protein (260-262).

Mass spectrometry techniques in proteomics

Proteomics is the large-scale study of proteomes (Figure 28). Proteomics is used to investigate:

• proteins sequences and post-translational modification

• when and where proteins are expressed

• rates of proteins production, degradation; and steady state abundance • the involvement of proteins in metabolic pathways

• how proteins interact with one another Proteomic experiments generally collect data on several properties of proteins in a sample. The used of mass spectrometry is predominant in proteomics domains.

The two principal approaches to identifying and characterizing proteins using MS are the "bottom-up", which analyses peptides produced by proteolytic digestion, usually with trypsin, and "top-down", which analyse intact proteins.

Bottom-up proteomics involves the proteolytic digestion of proteins before analysis by mass spectrometry. The term bottom-up implies that information about the constituent proteins is reconstructed from individually identified fragment peptides. The flowchart of bottom-up proteomics is illustrated in Figure 29.

The proteins purified by multidimensional chromatography or gel electrophoresis are digested with trypsin that cuts peptide bonds on Lys and Arg. The resulting mixture of peptides is reversed-phase chromatography and analysed by mass spectrometry. Finally, proteins are reconstructed from the information obtained for the peptides using database matching.

A limitation of bottom-up proteomics is a low percentage coverage of the protein sequence is obtained because only a small and variable fraction of the total peptide population of a protein can be recovered. Genomic studies have shown that each open reading frame can give rise to several protein isoforms due to alternative splicing products and differences in the locations and types of post-translational modification (PTM). In bottom-up proteomics, the limited sequence coverage means much information about PTMs and alternative splice variants is lost (263-265).

Top-down Proteomics can characterize intact proteins from complex biological systems. This approach routinely allows for nearly 100% sequence coverage and full characterization of proteoforms, the specific molecular form of the protein resulting from combinations of genetic variation, alternative splicing, and post-translational modifications. Fragmentation for tandem mass spectrometry is accomplished by electron-capture dissociation (ECD) or electron-transfer dissociation (ETD). Proteins are typically ionized by electrospray ionization and trapped in a Fourier transform ion cyclotron resonance or quadrupole ion trap mass spectrometer.

It involves identifying proteins in complex mixtures without prior digestion into their corresponding peptide species. The schematic workflow for top-down proteomics includes protein separation, mass spectrometer detection, and data analysis (Figure 29). The main advantages of the top-down strategy are the potential access to the complete protein sequence and the ability to locate and characterize PTMs.

It also has the ability for protein isoform determination. In addition, the time-consuming protein digestion required for bottom-up methods is eliminated. It has not been achieved on a large scale due to a lack of intact protein fractionation methods integrated with tandem mass spectrometry (263,265,266).

Figure 29 Bottom-up and Top-down proteomics principles (adapted from (267))

Isolation and purification of selenoprotein P

The abundance of SELENOP in human serum exceeds that of plasma glutathione peroxidase (GPx) and selenized albumin (SeAlb) (111). It is typically present in serum at a level of ca. 50 ng/mL. Its concentrations in cultured cells, breast milk, or tissues are an order of magnitude lower. Taking into account the presence of a multitude of proteins in a 1000-fold excess, any characterization of SELENOP by mass spectrometry should be preceded by its isolation and enrichment. The methods are usually based on immunoaffinity precipitation or chromatography (mono-and/or poly-clonal antibodies) (142,(268)(269)(270)(271)(272) or chemical affinity (heparin (141, 238, 273) or immobilized transition metals [START_REF] Tujebajeva | Decoding apparatus for eukaryotic selenocysteine insertion[END_REF]274).

Immunoaffinity precipitation and chromatography

The use of immunoaffinity has been largely explored for the isolation of SELENOP. This strategy is critically dependent on the quality and selectivity of antibodies. The cross-activity of one antibody with an antigen from different species is not granted and must be tested. Moreover, the activity of the antibody is highly variable from the serum of one animal to the other and must also be systematically tested.

The first purification of SELENOP by immunoprecipitation was performed from rat serum, using monoclonal antibodies (269). Subsequently, Akesson et al. (143) used the rat monoclonal antibodies for the purification of human SELENOP. Other groups reported the preparation (270, 275) or use ( 276) of a monoclonal antibody raised against rat SELENOP (270). No cross-reactivity with plasma from five animal species (143) was observed. Commercially available antibodies against murine SELENOP do not cross-react with the human orthologue (274). Recombinant rat SELENOP was efficiently immunoprecipitated by a commercial penta-histidine antibody but not by the tetrahistidine one [START_REF] Tujebajeva | Decoding apparatus for eukaryotic selenocysteine insertion[END_REF].

Considerable developments in the field of SELENOP antibodies have taken place in recent years driven by the need for the development of ELISA kits (see below). They are based on the use of antibodies prepared by using recombinant mutant SELENOP as immunogen. These expressed SELENOP mutants are characterized by the absence of SeCys which are all replaced by Cys (277) or Ser (278). A recombinant SELENOP commonly used as an immunogen for commercial antibody development encompasses the 60-299 SELENOP sequence without SeCys residues (279). Alternatively, SELENOP purified from human serum was employed as an immunogen (268,275,280).

The antibody-based methods for purification and measurement of SELENOP may not allow the distinction among the isoforms (141). Indeed, antibodies are usually directed towards one of its domains (N or C). Consequently, they capture not only full-length SELENOP but also its N-or C-terminal side domain fragments. In vivo, SELENOP is cleaved by plasma kallikrein which generates N-terminal and C-terminal fragments of SELENOP (280). The combined use of antibodies specific for N-or C-terminal SELENOP side domain fragments allows the differentiation between the full-length SELENOP from total SELENOP (truncated and full length) (139,268,272).

Technically speaking, immunoprecipitation of SELENOP can be conveniently performed with commercial antibodies conjugated to polystyrene superparamagnetic beads (271). GPx3 is coimmunoprecipitated with SELENOP, resulting in incomplete separations which is likely to be due to the similarity in the structure of the N-terminal part of SELENOP and GPx3 (271). This point has not been addressed by recent studies where combined antibodies specific for the different SELENOP termini were employed.

Heparin affinity methods

Selenoprotein P contains two poly-histidine domains and several other histidine and lysine residues and has a predominance of basic compared to acidic amino acids (281). These characteristics are common for proteins that bind proteoglycans [START_REF] Schomburg | Selenium and selenoproteins in mammals: extraordinary, essential, enigmatic[END_REF]. The pH-and ionic strength-dependence also support the hypothesis that the binding of selenoprotein P is based on electrostatic interactions. The two apparent binding sites of selenoprotein P on heparin may be explained by a simple charge interaction between the protein and heparin (low-affinity site), and a stronger, histidine-dependent interaction (high-affinity site). While the calculated molar ratio of binding of selenoprotein P is predominated by the low-affinity site, the relative strength of the higher affinity site may make this a more important interaction biologically at neutral pH (231).

These histidine-rich stretches containing up to 10 sequential basic amino acids are present in the 185-198 and 225-234 amino-acid sequences in rats ( 273). The rat and human SELENOP sequences encode two His-rich regions: the first region consists of 8 (rat) or 9 (human) histidines out of 14 residues, and the second, a stretch of 7 (rat) or 4 (human) consecutive histidines (282). The presence of these stretches confers to SELENOP a feature of binding to heparin (273).

SELENOP binds to heparin as a function of pH. The binding is facilitated by an increase in protonation of histidine residues. Therefore, SELENOP will bind to heparin under acidic conditions but remains unbound at physiological pH (109). The pKa of histidine (7.0) explains the release of SELENOP from heparin at alkaline conditions (273).

Heitland et al. were able to isolate SELENOP using heparin column from other serum proteins with a total recovery of selenium (96%) (238). A recovery above 90% was reported (283). Problems linked to nonspecific adsorption of plasma-extracellular glutathione peroxidase (GPx) and albumin on the heparin affinity column were evoked (283). Purified SELENOP can be separated in three peaks using heparin chromatography suggesting its capability to discriminate amongst the isoforms (141).

Immobilized metal affinity methods

The mechanism of separation of IMAC Sepharose with metal is using the specificity of SELENOP to have two histidine stretches in positions 185-198 and 225-234 of its amino-acid sequence. This chromatography column is based on the chelating mechanism of immobilized metals. Thanks to the presence of histidine on proteins, a coordination bond is formed between the metals chelated on the stationary phase and the histidine stretch (Figure 30). A protein with a lot of histidines will then be retained on the column and will be separated from other proteins with no or few histidine residues. These histidine-rich regions in conjunction with the Cys and SeCys content, are likely responsible for the coordination to heavy metals such as, e.g., mercury (282). The presence of such motifs makes it possible to retain SELENOP on an IMAC-sepharose column loaded with cobalt (274). Co 2+ was found superior to Cu2+, Ni2+, Zn2+, and Cd2+ for metal affinity LC (274).

The Ni-agarose chromatography was performed using Ni-NTA spin columns and turned out to be efficient for the isolation of SELENOP, prior to SDS PAGE and Western blotting analysis (71).

Sequential purifications

In order to increase the purity of the isolated SELENOP, the above discussed steps can be employed in a sequence. Akesson et al. reached a 1000-fold purification of SELENOP by combining immunoaffinity LC and heparin (143). The immunoaffinity purified protein was further separated into several forms using heparin-sepharose column (270).

Daegen et al. separated plasma into three components (GPx, SELENOP, and Alb) using heparinsepharose and blue 2-sepharose (to remove SeAlb) (284). A combination of IMAC and heparin offered a 15,000-fold enrichment of SELENOP ( 274). Isolation of electrophoretically pure SELENOP was reported to be achieved in three steps: heparin agarose, ultrafiltration concentration, anion-exchange, Ni-NTA-agarose ( 146). The combination of heparin-sepharose CL-GB, Q Sepharose F and Ni-NTA agarose chromatography, followed by desalting by gel filtration, allowed a 13,000-fold purification of SELENOP with an overall yield of 16% ( 285). The low yield of sequential purification is often due to the multiplication of steps inducing loss of protein. In recent studies, the use of heparin was shown to be the most efficient for SELENOP purification with a yield of 96% ( 238), however this method does not concentrate the protein. 

Detection of selenoprotein P

SELENOP can be quantified by measuring the Se response provided that the protein is separated from the other Se-containing species by HPLC. The initial use of hydride generation atomic absorption or fluorescence spectrometry was replaced by ICP-MS because of its higher sensitivity, isotopic specificity and simplicity avoiding the need for post-column chemical conversion of SELENOP to Se or to selenium hydride. Because of the high relative abundance of SELENOP, the challenge of separation is practically limited to SELENOP from selenoalbumin, GPx3, and selenometabolite fraction.

The principle of the methods is based on downscaling and on-line arrangement in different configurations of the three principal techniques discussed above: size-exclusion LC for the separation according to the molecular weight, heparin LC for the selective retention of SELENOP, and Blue-Sepharose column for the selective retention of SeAlb. As a result, the SELENOP signal is obtained in the form of a chromatographic peak, other species may sometimes be separated by SEC. The principle of the proposed arrangements and the type of signal used for quantification is schematically shown in (Figure 31).

The most widely used principle for the on-line isolation of SELENOP consists of the retention of SELENOP by affinity using a heparin column while all other selenium species are eluted and detected as a peak in the loading run (238). The subsequent elution run produces a peak corresponding to SelP (Figure 31a). The incorporation of a SEC (heparin) column on-line, either preceding (286, 287) (Figure 31b) or following (283) (Figure 31c), allows the discrimination of the selenium species eluting in the loading run into HMW Se-containing proteins (Se-albumin and GPx) and LMW metabolite fraction.

A more sophisticated version of the system includes a switching valve and a circuit containing a column with an affinity for albumin, allowing for the specific recovery of SelAlb during the loading run for its subsequent quantification (Figure 31d) (239,(288)(289)(290)(291). It can be refined by the integration of a SEC column into the system (Figure 31e-f) (292-295).

Size-exclusion LC alone does not offer a sufficient resolution nor preconcentration to separate SELENOP from SelAlb (296, 297). However, when coupled in-tandem with a SelAlb method, SELENOP appears as a peak partially separated from GPx3 and separated from LMW selenometabolite fraction (Figure 31g) (298).

Alternatively, as SELENOP is the only selenium species in serum and cerebrospinal fluid not retained on the anion-exchange column; anion-exchange HPLC (Figure 31h) was used to separate it from other species (299-301). 

Characterization of selenoprotein P

The isolated SELENOP can be formally identified without mass spectrometry by the N-terminal aminoacid sequence (or microsequencing) (284). However, the advantage of MS in terms of sensitivity and speed cannot be overestimated. So far, to our knowledge, there have been no mass spectra published for the intact full-length SELENOP and their truncated isoforms. Most of the published MS data concern the analysis of peptides, obtained after tryptic digestion, by MALDI or ESI MS. The latter allows the determination of the peptide sequence upon collision-induced dissociation (MS/MS). The list of the reported peptides allowing the 100% sequence specificity and their correspondence to full-length or truncated isoforms is given in (Table 8).

A number of bioinformatic tools have been developed for the detection of selenoproteins in high throughput MS schemes (302,303). Several enzymes (such as trypsin or endoproteinase) can be used to lyse the proteins and to obtain different SELENOP characteristic peptides. The inconvenience of bottom-up proteomics approaches is that it is not always possible to identify isoforms from which the peptides are derived. Their advantage is the capability to deal with post-translational modification.

The major challenges in mass spectrometry analysis include the ability to be able to distinguish between isoforms, to complete the characterization of truncated forms and to develop analytical methods for their quantification. The potential of top-down proteomics for this purpose is very promising (304).

Matrix assisted laser desorption/ionisation mass spectrometry

MALDI-MS allowed the discovery in rat plasma of three SELENOP isoforms that have identical Ntermini, and differ in the length of the amino-acid chain (141). The full-length SELENOP and the isoforms were separated by SDS PAGE. They were reduced, alkylated, deglycosylated and digested with trypsin. Additional peptides could be identified by digestion with Glu-C of the SELENOP isolated by heparin, without the need for its subsequent purification by SDS PAGE. Mass spectrometry could identify the C-termini of the isoforms according to the prediction (at the 2nd, 3rd and 7th selenocysteine residue) (141).

MALDI-MS was also used to identify the sites of glycosylation of the full-length SELENOP (145). The procedure was based on a treatment with PNGase F, which cleaves off asparagine-linked carbohydrates and converts the residue asparagine to aspartic acid. Of the five potential glycosylation sites, three located at residues 64, 155 and 169 were occupied, and two at residues 351 and 356 were not occupied.

Threonine 346 was variably O-glycosylated. Full-length SELENOP was found to be both N-and Oglycosylated (145).

MALDI-MS was also essential in the identification of Se-S and disulfide linkage sites (145) . The strategy of sample preparation for the determination of the oxidation state of the cysteine residues consisted of the alkylation of all free cysteines and selenocysteines in the short form of SELENOP with iodoacetamide, digestion with endoproteinase, and deglycosylation (145). A selenide-sulfide bond was found in the shortened isoform to be analogous to the selenol-thiol pair considered to be redox-active (145). Two selenylsulfide bonds were identified by MALDI-MS in a peptide isolated from a tryptic digest of rat SELENOP (305). 

Electrospray mass spectrometry

The basic advantage of electrospray ionization (ESI) MS over MALDI is the possibility to sequence peptides in LC-MS/MS on the basis of the m/z of their b and y fragments. ESI MS was used to verify the sequences of the putative glycosylated peptides in rat SELENOP (145) and the confirmation of the existence of disulfide linkages (145, 305).

High-pressure liquid chromatography (HPLC)-MS/MS was a convenient technique for the identification of selenopeptides in a tryptic digest of purified SELENOP. It allowed the formal confirmation of SELENOP presence in human breast milk (286). A sequence with a coverage of 80% of the theoretical one was reported on the basis of the tryptic digest analysis, and two selenopeptides were formally identified (286).

SELENOP, being a low-abundant protein in serum, was not detected by a regular shotgun proteomics approach (288). The analysis of the fraction purified by heparin allowed the detection of three unique SELENOP peptides identified by only one post-translational modification for each, and a sequence coverage of 41.5% (288). The purification of SELENOP by SDS PAGE and blotting, which was followed by tryptic digestion and HPLC-MS/MS, allowed the identification of 7 SELENOP peptides totalling 115 post-translational modifications (none of which contained selenium) in the 49 kDa SELENOP band in the blot, accounting for a sequence coverage factor of 17.7%. Selenium contained peptides missed by the regular shotgun proteomics procedure. The identification of two selenopeptides increased the sequence coverage to 24.4% (288). Three isoforms of SELENOP were identified by this method (271).

Human SELP still needs a complete MS characterization covering all the selenopeptides. The recent data obtained are summarized in Table 8.

The developments in soft ionization mass spectrometry open new perspectives in the detection of SELENOP in broad-scope proteomic studies. The method is based on nano-flow liquid chromatography (LC) with electrospray MS/MS detection and data-independent acquisition MS (306). For instance, label-free proteomics showed selenoprotein P as the most abundant protein in the milk of cows, more precisely, in cows producing milk with A2A2-β-casein variants (307). The protocols can be quantitative by using isobaric tagging for relative and absolute Quantification (iTRAQ)(303, 308-310).

Quantification of selenoprotein P

Immunoassays

An immunoassay is a biochemical test that measures the presence or concentration of a macromolecule or a small molecule in a solution through an antibody (usually) or an antigen (sometimes). The molecule detected by the immunoassay is often referred to as an "analyte" and is in many cases a protein, although it may be other kinds of molecules of different sizes and types, as long as the proper antibodies the required properties for the assay are developed. Analytes in biological liquids such as serum or urine are frequently measured using immunoassays for medical and research purposes (311). Immunoassays rely on the ability of an antibody to recognize and bind a specific macromolecule in what might be a complex mixture of macromolecules. In immunology, the particular macromolecule bound by an antibody is referred to as an antigen and the area on an antigen to which the antibody binds are called an epitope. This method was extensively used in protein science when antibody is available.

Originally, radioimmunoassay's based on the in-vitro synthesized or partially purified labelled SELENOP preparations were proposed by (107,269,312,313). Nevertheless, due to the cumbersome procedures and restrictive regulations concerning the use of radioactive materials, these assays were only used in very few studies and were not widely adopted by the larger community.

ELISA (enzyme-linked immunosorbent assay) for SELENOP was first developed as early as 2010 ( 116), but the early ELISA assays were time-consuming and inconvenient for clinical use. However, the approach is rapidly gaining popularity for the absolute quantification of SELENOP in plasma samples (144,314). Several kits are commercially available (278,279,(315)(316)(317). The results depend largely on the kit used and caution and criticism are required when comparing data obtained with the different kits (318).

The accuracy of the results depends on the epitope identified by the antibody and its selectivity (activity towards the other proteins). If an antibody recognizes just, for example, the N-terminal, the assays will capture not only full-length SELENOP but also the SELENOP-N-terminal fragment ( 268). An assay using colloidal gold particles coated with two types of anti-SELENOP monoclonal antibodies, one recognizing the N-terminal side domain and the other recognizing the C-terminal, was developed for measuring full-length selenoprotein P in human serum ( 268).

The in-plate variation, within-laboratory variation, and between laboratory variation are all typically below 15% with a limit of quantification of 10 ng/mL (144). The accuracy of ELISA (difference with the SRM value) was assessed to be 2.9% (144). Because of the limited presence of mass spectrometry technology in the clinical environment, immunoassays are the most widely used technique for human and animal health status.

Inductively coupled plasma mass spectrometry-based methods

A major problem in the quantification of SELENOP is the non-availability of an authentic SELENOP standard as it is currently practically impossible to obtain recombinant SELENOP in reasonable purity and quantity. Calibration is therefore carried out using a proxy such as selenite, selenomethionine, a peptide characteristic of SELENOP, or recombinant homologue of SELENOP in which the SeCys residues were replaced by Cys.

The standards used for calibration are usually isotopically labelled. However, the term "isotope dilution analysis (IDA)" frequently used in the context of quantification of SELENOP by HPLC-ICP-MS does not bear the original meaning of absolute (traceable to SI units) quantification. As there is not isotopically labeled SELENOP available, the analyte (SELENOP) and the spike used are not in the same chemical form.

The principal quantification strategies of SELENOP using calibration by isotope dilution are based on:

• the measurement, in an HPLC peak, of the intensity ratio between the natural selenium isotope from the SELENOP after HPLC separation of the latter and the enriched Se ( 77 Se, 74 Se) added post-column as SeMet or selenite ("spike"). The method is referred to as species-unspecific isotope dilution (286,288,290,293,295).

• the measurement, in an HPLC peak, of the intensity ratio between Se in selenomethionine obtained by the complete proteolysis of the selenoprotein and the isotopically enriched 77 SeMet standard ("spike"). The method can be referred as species-specific isotope dilution on the amino-acid level. The proof of principle was demonstrated by Ruiz Encinar et al. (319) and the approach was applied to the SELENOP quantification by Jitaru et al. (320).

• the measurement, in an HPLC peak, of the intensity ratio between the Se in a Se-containing peptide obtained from a selenoprotein by tryptic digestion and the isotopically enriched Se ( 77 Se, 74 Se) in the identical synthetic peptide. The addition of peptide spikes to the plasma samples was followed by tryptic digestion, alkylation, and isotope ration determination using HPLC-ICP-MS. The principle of the method was demonstrated by Polatajko et al. (321). The method was first applied to the quantification of SELENOP by Ballihaut et al.(288). Deitrich et al. (138) proposed the use of two synthetic peptides (isotopically enriched, 76 Se) derived from SELENOP for its quantification by IDA-ICP-MS/MS. The disadvantage is the introduction of additional uncertainty due to the necessity of control of the efficiency of the enzymatic digestion by the use of selenopeptides (293).

• the use of a proxy protein as standard. The closest proxy protein has been for the moment a fulllength human recombinant SELENOP in which the original 10 SeCys residues (SeCys) were replaced by 10 cysteines (Cys). This replacement was achieved by point mutations of nucleotide triplets coding SeCys to triplets coding Cys in the coding sequence for selenoprotein present in the expression vector used as a template for E.coli protein synthesis (289). Selenium was introduced in the polypetide chain during cell-free protein E. coli synthesis in the form of SeMet or 76 Se-Met for the preparation of the SEPP1 standard and an isotopically labelled spike for isotope dilution analysis (322, 323). The standard and spike were purified by SDS PAGE (289). However imperfect the assumption of the similarity of the behaviour of the standard and the spike might be, the use of such an isotopically enriched spike allowed the quantification by standard addition and isotope dilution analysis by ICP-MS after the purification of SELENOP by affinity chromatography.

Gel-electrophoresis-based methods

Isoelectric focusing (IEF) and sodium dodecyl sulphate-polyacrylamide gel-electrophoresis (SDS-PAGE) allows for the separation of full-length and truncated SELENOP forms. The quantification of SELENOP and its isoforms in the produced band(s) can be achieved by the detection of selenium (either radioactive or not) or directly by the detection of the protein (recognized by a specific antibody).

The mature SELENOP has a molecular mass of 41 kDa but migrates as multiple bands, of approximately 50-60 kDa in SDS PAGE, probably due to variations in glycosylation (conserved 2 N-linked-and one O-linked glycosylation) (135). Deglycosylation shifts the migration band from 57 kDa to 43 kDa (313).

A small difference can be seen in mobility (69 kDa under nonreducing conditions) and 66 kDa under reducing conditions (285).

Se Detection

The migration of 75 Se radioactivity in the gel played a fundamental role in the early works, allowing for the discovery and rough characterization of SELENOP (105, 106). The comparison of the radioactivity in the band with that of a standard is a straightforward method of quantification. An additional advantage is a convenient evaluation of SELENOP recovery from the gel. The inconvenience is the need for handling gamma-radioactivity which requires dedicated laboratories. Note that the technique requires that the quantified 75 Se is present in the radioactive form. Whereas it is an elegant quantification technique in animal studies, it is not an option for human SELENOP.

Western Blotting Detection

The principle of the method consists of the separation of SELENOP by SDS PAGE and its transfer onto a PVDF membrane. The membranes are subsequently incubated with primary and secondary antibodies and developed with enhanced chemiluminescence. Standard curves were constructed using dilute NIST1950 reference material [START_REF] Tujebajeva | Decoding apparatus for eukaryotic selenocysteine insertion[END_REF]316).

The method is particularly attractive in combination with immunoprecipitation (140, 271) allowing the isolation and preconcentration of SELENOP from complex samples.

The selectivity of the method depends less critically on the quality of antibodies than in the case of ELISA as SDS PAGE offers an additional separation step. The method does not account for losses at the different stages of the procedure, but many of these losses are compensated by the calibration with a standard reference material. Western blotting is robust but is not traceable to the SELENOP sequence.

Laser Ablation-ICP MS Detection

The detection consists of the evaporation of SELENOP present in the band separated by isoelectric focusing (IEF) or SDS PAGE using a laser beam followed by the quantification of selenium in the produced aerosol by ICP-MS. This method was first proposed by Fan et al. (324) and later developed for the quantification of selenium proteins by Ballihaut et al. (325,326) and Bianga et al. (327).

The identity and purity of the band can be verified by tryptic digestion and ESI MS/MS analysis of the non-ablated part of the gel. Calibration is carried out in a parallel lane using a well-characterized Secontaining protein with a known Se concentration, such as a fully selenized calmodulin (325) or glutathione peroxidase (326).

The LA-ICP-MS detection limits were reported to be 10 times lower for GPx than those of Western blot analyses (328). However, because LA-ICP-MS is sensitive to selenium and the number of Se atoms in SELENOP is ten times bigger than in GPx, similar detection limits to those of Western blot are expected for SELENOP. Indeed, in well-optimized conditions, the reported sensitivity was close to that of radioactivity detection (329). Note that the advent of triple quadrupole ICP-MS offers a considerable margin for improvement of the detection limits as the most abundant 80Se can be chosen for detection (328). LA-ICP-MS offers a dynamic range of five orders of magnitude which largely surpasses that of Western blotting detection (two orders of magnitude) and of ELISA (one order of magnitude) which is important for the analysis of unknown sample.

Isobaric tagging for relative and absolute quantification

The use of LC-MS/MS as a way to quantify SELENOP was developed with the advent of new techniques such as label-free quantification (LFQ), and tandem mass tag (330).

The iTRAQ (isobaric tagging for relative and absolute quantification) method is based on the covalent labelling of the N-terminus and side-chain amines of peptides from protein digestions with tags of varying mass. The samples are then pooled and liquid chromatography tandem mass spectrometry (MS/MS). A database search using the fragmentation data allows for the identification of the labelled peptides and hence the corresponding proteins. The fragmentation of the attached tag generates a lowmolecular-mass reporter ion that can be used to relatively quantify the peptides and the proteins from which they originated (331).

To enhance the detection and identification of medium-and low-abundance proteins (such as SELENOP), different immuno-depletion methods are usually used. Since lipids interfere with iTRAQ labelling (as well as detection of peptides by mass spectrometry), the serum samples have to be delipidated before the analysis (303).

SELENOP has been reported in iTRAQ-based multiplex quantitative proteomics investigations searching for biomarkers of disease (303, 308-310, 332, 333) or of Se-exposure (334).

Matrix assisted laser desorption/ionisation mass spectrometry and electrospray ionisation mass spectrometry studies of selenoprotein-metallodrugs adducts

MALDI MS (200,219,220) has been used for the analysis of the interactions of gold-based metallodrugs with thioredoxin reductase protein. In this context, auranofin was used as a probe to distinguish between the total and active TrxR in human serum (220). MALDI spectra were recorded on TrxR1 standard solutions before and after incubation with a 10-molar excess of auranofin for 1 h at room temperature.

The obtained results where a mass shift of 1058 Da between the two species can be observed (Figure 32). Taking into account that the binding of auranofin to the selenol-thiol groups of the enzyme takes place via displacement of the triethyl-phosphine ligand (Et3P) to form Et3PO, a known metabolite of auranofin in vivo (335), a mass increment of 560 Da should be observed for each auranofin label introduced into the enzyme. Consequently, from these MALDI-MS experiments an average stoichiometry could be determined to be 1:2 (TrxR1: auranofin) for each of the two monomers of the protein, which gives a 1:4 stoichiometry (TrxR1: auranofin) for the entire protein (220). This interaction was also observed by Bindoli et al. where the treatment of rat TrxR1 with gold compounds also resulted in an increase of its mass (Figure 33). In the case of auranofin the untreated TrxR1 mass is located at 55,5 kDa while the incubated is at 56.6 kDa which suggests, as in previous case, that 4 fragments of AuPEt3 + are bound to the protein. As gold(III) compounds can undergo reduction processes and loss of the ligands upon protein binding, the results of MALDI MS did not make it possible to accurately assign the number and molecular structures of the gold adducts (219). 6.2. Probing the molecular co-occurrence of selenium and gold by high pressure liquid chromatography hyphenated with inductively coupled plasma mass spectrometry Yan et al. (218) showed that the Au(I) N,N-disubstituted cyclic thiourea complex could bind with TrxR. Under near equimolar conditions, they observed inhibition of more than half of TrxR activity, suggesting a strong binding between the complex and the protein, which was verified by ESI-MS. They demonstrated this interaction via SEC-ICP-MS after tryptic digestion of the protein treated with the Au complex. A chromatographic peak corresponding to a peptide fraction shows a co-elution of selenium and gold, reflecting an interaction between these two atoms Figure 35. This interaction was then validated by a competitive test between the gold complex and biotinylated iodoacetamide (BIAM), which showed that the alkylation of selenol and thiols by BIAM reduces the reactivity of the gold complex to TrxR, thus confirming that the preferential binding sites for this complex are free cysteines and selenocysteine.

ETUDE DES INTERACTIONS

Probing selenoprotein-metalllodrugs binding by enzymatic digestion of the adduct

The usual size of the adducts formed between selenoproteins and metals does not allow the direct identification of the binding sites by mass spectrometry. As accessing this information requires decreasing the size of the species, a possible approach includes the enzymatic digestion of the adducts (e.g., using trypsin) assuming that the binding with metal survives the procedure.

Figure 35 SEC-ICP-MS analysis of TrxR treated with [AuI(TU)2]Cl (Arrow indicates the peptide fraction co-eluted with Se and Au(218)

An attempt to identify the Au binding site by tryptic digestion of TrxR-Au adduct followed by MALDI resulted in the putative detection of peptide 236 IGEHMEEHGIK 246 and gold adduct. The authors proposed that the binding site for the Au ion occurred on histidine residues (His 239 or His 243 ) (220). But, it iq important to underlie that the analytical procedure might have displaced Au from its initial binding site in the protein and resulted in its secondary binding and the formation of an artifact (220).

Another attempt concerned a TrxR mutant where selenocysteine-498 codon (TGA) was altered to cysteine (TGC) to promote the efficient production of TrxR in E. coli, the MALDI MS results suggest that terpyridine-platinum(II) binds directly to the sulfur in the GCCG motif of TrxR (337). In Figure 36, Lo et al. showed that compared to the TrxR1 mutant, TrxR1 incubated with the terpyridine-platinum display a shift of around 430, which is equivalent to the calculated -SGASILQAGCCG-peptide bound with one terpyridine-platinum moiety. This suggest that for platinum compound the active site of wild type TrxR1 could be located around the -SGASILQAGCUG-motif containing a free selenol moiety that displays higher reactivity than thiol. Lu et al. (212) were able to identify via MALDI the 488 SGGDILQSGCUG 499 peptide of rat TrxR as interacting with arsenic. They speculate that arsenic binds more precisely with the 496 GCUG 499 fragment. As displayed on Figure 37, a shift is detected in the SGGDILQSGCUG peptide corresponding to a potential binding of Arsenic with the peptide.

Studies of model selenopeptides and other species

The use of mass spectrometry technique has permitted the study of the interaction between model peptide or LMW selenospecies and gold compounds. Meier et al., (221) showed, via ESI-IT MS and ESI-TOF MS, the molecular interaction of Au (III) complexes with a mixture of amino acids (Lhistidine, L-methionine, L-cysteine, L-glutamic acid, methyl seleno-L-cysteine (SeMe-Cys) and seleno-L-cysteine generated in situ). In this study, the different adducts between Au complexes and amino acids were characterized, and binding preferences were described. Molecular reactivity patterns and binding sites have been correlated with inhibition of TrxR. The interaction of complexes with SeCys was proved to cause potent inhibition of TrxR, even going to induce strong antiproliferative activity in some of the cases studied. In addition, the authors point out the importance of evaluating the action of ligands released after coordination with the protein when considering the cytotoxic effects of its complexes (221).

Positive mode electrospray mass spectrometry was used to investigate complexes of cysteine and selenocysteine with auranofin (338). Auranofin has a labile complex, the thioglucose moiety acting as leaving group, which the gold binding primarily to sulfur atoms in bio-molecules. Its mode of action in this respect is similar to Pt-based cancer drugs that employ a leaving group to expose the Pt to bind to the nitrogen in adenine and guanine bases. No experimental evidence was found for a direct complex formation between methylselenocysteine and auranofin. However, in source, dissociation of auranofin and loss of a methyl group from methylselenocysteine, produced a complex involving the gold triethylphosphine moiety and selenocysteine (338).

The kinetics and thermodynamics of ligand exchange reactions of auranofin with Cys, SeCys, His and Lys were analyzed in aqueous solution by means of DFT (density functional theory calculations). Two distinct reactions paths were followed, leading to the replacement of the thioglucose ligand (path-S) and the triethylphosphane moiety (path-P); selenocysteine was confirmed as the main target for auranofin (199).

Model investigations consisting of a competitive reaction of equimolar amounts of reduced cystamine and selenocystamine with QMs led only to the formation of the selenide adducts thus confirming selective alkylation of selenol at neutral pH as evidenced by ESI-MS analyses (207).

The comprehension of the reactivity on small selenium unity such as amino acids was completed with studies on a bigger model such as the model peptide of TrxR. Ott et al. (217) showed the coordination between the gold complex (PPh3)AuCl and TrxR using a peptide model (Ala-Gly-Cys-Val-Gly-Ala-Gly-Leu-Ile-Lys) containing cysteine. A covalent bond between the Au(I) ion and the protein was detected, cysteine having been identified as the anchoring site of the "naked" Au(I) ion after the loss of its chloride ligand followed by that of phosphine (Figure 38). Even if this peptide is not derived from TrxR, the peptide is displaying a certain homology with the N-terminal part of TrxR.

Pratesi et al. ( 222) used a peptide model of the C-terminal motif of human TrxR containing SeCys to study its interactions with auranofin and other di-nuclear cytotoxic complexes of Au (III) using ESI-MS. In this study, the tetra-peptide Gly-[Cys-SeCys]-Gly (with an internal S-Se bridge) did not show any reactivity towards the Au complexes in the absence of reducing agents. In contrast, after prereduction with dithiothreitol (DTT), binding between the peptide and auranofin was detected with loss of its ligand tetraacetatethioglucose and retention of PEt3. MS/MS analysis revealed that the SeCys residue is the preferential Au coordination site. They also demonstrated the presence of a second coordination site at the Cys residue.

A top-down MS² approach confirmed that the preferential coordination site of Au (I) complexes, with its NHC ligand, is indeed the residue of SeCys, and that cysteine plays the role of secondary coordination site (223) . The linear di-coordinated gold(I) complexes studied had the same carbene ligand (i.e., 1,3diethylbenzimidazol-2-ylidene) on one side and a second ligand (chloride, a second NHC ligand (identical to the first one) or triphenylphosphine) on the other. The peptide (most likely through its selenolate group) is able to displace -at least partially -the second ligand from gold(I) coordination; the substitution reaction appears to be progressively more difficult and less efficient upon passing from chloride to carbene to phosphine (223). In Figure 39, auranofin is displaying a nice interaction with the peptide, several auranofin adducts are observed from naked gold to AuPEt3 + which indicated multiple interaction sites on the peptide with the -CU-peptide region being pointed at the possible anchor for those ligands.

Notably, no reaction takes place in the absence of reducing agents. However, when the peptide was prereduced with DTT and treated with the various gold drugs a number of new species of greater molecular mass were formed. Auranofin binding takes place through the replacement of the thiosugar moiety while the phosphine ligand is kept. The preferential binding site, confirmed by MS/MS spectrum, is selenocysteine followed by cysteine; no evidence was obtained for any gold centre bridging the adjacent selenocysteine and cysteine residues nor for peptide binding of bare gold(I) ions ( 222). On the other hand, with two different gold (III) compounds resulted in the same product identified as a DTT/ Au(I)2/tetrapeptide species implying that gold (III) reduction has taken place (222). Whereas the detoxification effects of selenium by its action on metals, such as e.g. Hg, and inhibitory effects of selenoenzymes have been extensively demonstrated, molecular evidence of the binding environment has been relatively scarce. Studies of probing the selenium binding by molecule-specific techniques, such as mass spectrometry or, by chemical bond-specific techniques, such as extended Xray absorption fine structure (EXAFS) spectroscopy, have been largely limited to thioredoxin reductase. Consequently, the development of methods allowing an insight into the metal-binding site and the type of liaison induced by such binding is of considerable interest to study further the mechanisms linking selenium to the detoxification of heavy metals or therapeutic action of metallodrugs.

The question is the more important because selenium occurs in biology in several forms, such as selenols (SeH), diselenides (-Se-Se-) and -Se-S-bridges each in potential competition with the sulfur analogues, such as thiols (-SH) and disulfides (-S-S-). The situation is complicated by the role played by the steric availability of Se or S containing sites and the presence of other binding motifs (Lys, His, Met) within the protein structure that can bind the metal and compete with the Se-containing sites.

Selenium in human blood and tissues occurs at the sub nanomolar levels. This fact together with the complexity of the matrix, makes molecular studies in vivo be able to be successfully carried out by only a small number of advanced instrumental techniques, and notably by mass spectrometry. The recent developments in the sensitivity of chromatography with selenium specific detection (ICP MS) and in resolution and sensitivity of electrospray MS offer a number of attractive tools to probe selenium metal interactions. Even so, investigations of model compounds, either isolated from serum, or synthetized for the particularly attractive selenium environment, have their place in molecular studies of Se-metal interactions.

Metallodrugs, such as Pt and Au compounds, have attracted recently a considerable interest as targets for selenium species. As indicated above, they have almost all been limited to an enzyme thioredoxin reductase and its proxies (mimics). An important factor facilitating these studies, in addition to the undeniable interest in the demonstration of TrxR inhibition by metallodrug, has been the possibility of expression of the protein and thus, its availability in pure form. However, TrxR is by far not the most abundant protein in human serum. Several others exist, all containing at least one selenocysteine residue, free or oxidized to form a Se-S or Se-Se bridges. Out of these proteins, the most abundant is SELENOP which has up to 10 selenocysteine residues. While evidence of the formation of stable covalent complexes of SELENOP with heavy metals does exist, there have been virtually no studies probing the specificity of the binding to selenium and the nature of the binding site. One of the reasons for that was the impossibility of the heterogenous expression of SELENOP. Consequently, the protein for the metal interaction studies has to be isolated and purified from natural serum, which can be quite a challenge knowing that the total Se concentration in Se is about 100 ng/ml and SELENOP accounts only for 1/3 to 1/2 of it.

One of the goals of this thesis has therefore been to revisit the SELENOP isolation schemes reported elsewhere in order to develop a method able to produce sufficient quantities of SELENOP to produce measurable Se species-specific signals for mass spectrometric studies of SELENOP interactions with Au and Pt compounds. For this purpose, different types of affinity chromatography, such as IMAC or heparin, standing alone or in sequence, have been revisited. Emphasis has been placed on the optimization of the inter-chromatography concentration steps and the monitoring of SELENOP recovery. Different chromatographic conditions have been tested to obtain the highest resolution spectrum for each step and to increase the recovery of each step of the purification.

An inherent element of the thesis has been an extensive characterization of the isolate selenoprotein by high resolution high accuracy mass spectrometry. However strange it may sound, very little of mass spectrometry evidence for the amino acid sequence data of SELENOP exists in the literature. Consequently, a method based on the tryptic digestion and HPLC MS/MS spectrometry has had to be developed in order to demonstrate the chemical identity of the isolated and purified protein and acquire support data for the interpretation of data on the SELENOP interactions with Pt and Au compounds.

The ultimate objective relative to SELENOP has been to investigate its binding with auranofin and cisplatin, probing the formation of the SELENOP -metal compounds and acquiring molecular evidence on the binding sites of Au and Pt.

The ease of oxidation of SeCys residues to form Se-Se bonds raises a burning question of their reactivity with metallodrugs. While it is now well documented that auranofin and its analogues bind rapidly and tightly to proteins bearing free cysteines or selenocysteines, the ability of these gold compounds to interact directly with disulfide and diselenide bridges and cleave them is much less understood. This has prompted us to investigate in detail the reactions of auranofin and its analogues with model molecules containing disulfide and diselenide motifs. 

Samples

Human blood serum was purchased from Pan TM Biotech (Aidenbach, Allemagne). Serum collection was done aseptically; after being collected, the coagulated blood was centrifuged, then pooled and frozen. Samples are then taken to check the batch's compliance with the defined requirements (determination of the level of endotoxins, control of contamination by viruses, measurement of pH and osmolarity). The serum is then filtered through a succession of filters, the last of which has a porosity of 0.2 μm. The serum is finally packaged in PETG bottles. All these steps are carried out under a laminar flow hood and in class 100 white rooms under aseptic conditions. When received, serum is divided in aliquot of 20mL and stored at -80°C.

Metallodrugs and model compounds

Vasopressin and selenovasopressin. For the vasopressin part of the thesis, auranofin and its analogues were synthesized by the group of Pr. L. Messori (University of Florence, Italy) and Selenovasopressin was synthesized by the group of Pr. G. Subra and Pr. C. Enjalbal (IBB, Montpellier, France). Samples were stored at 4°C.

All commercial reagent used are presented in Table 9. 

Chemicals

All chemicals used during the thesis are presented in Table 10.

Buffers

To prepare buffers for the chromatographic separations, chemicals were weighed and dissolved in H2O.

Once the salt was dissolved, pH was adjusted using either ammonia or HCl solution. For organic buffers acetonitrile and H2O were mixed together in adequate proportions. 

Instrumentation and materials

Sample preparation equipment

All reagents and chemicals were weighed on an analytical balance XT 220A Precisa. The adjustments of pH of chromatographic mobile phases separation were done using a Five-easy pH-meter (Mettler Toledo, Columbus, Ohio, USA). All solutions were prepared using HPLC grade solvent and Milli-Q water (18.2 MΩ cm) obtained from a water purification system Elix® from Millipore, Burlington, Massachusetts, USA). Solutions are loaded on the affinity column using a peristaltic pump from Ismatec® (Whertheim, Germany). For samples centrifugation Eppendorf MiniSpin centrifuge by Eppendorf (Hambourg, Allemagne) for small vial and Eppendorf centrifuge 5804 R with a rotor A-4-44 were used. The sample concentration before digestion was carried out using a Freeze-dryer from Cryotec (Saint-Gély-du-Fesc, France). The digestion of samples was carried out using a Digi Prep MS (SCP Science, Villebon-sur-Yvette, France).

The enzymatic digestion of sample was carried out using a heat block Dri-Block®, DB200/2 from Techne (Morancé, France) and a mixing devise KS250basic from IKA-Werke (Staufen im Breisgau, Allemagne). All vials' tubes use after the final purification steps are protein Lo-bind grade. All 96 wellmicroplate, flat bottoms are from Greiner Bio (Madrid, Spain).

High pressure liquid chromatography and columns

Several chromatographic systems were used:

For purification steps:

• An Agilent 1200 Series (Agilent, Tokyo, Japan) pump with a UV-module, automated sampler, and fraction collection module, were used with the IMAC, heparin and SEC column that was previously calibrated for the protein molecular mass and elution volume.

• An Agilent 1200 Series (Agilent, Tokyo, Japan) pump was used to either dilute the sample prior ICP-analysis on purification steps or in analysis mode to purified SELENOP, the HPLC was used with SEC and MONOQ column.

• A Dionex Ultimate 3000 RS (ThermoFischer Scientific, Germering, Germany) was used for reverse-phase chromatography

For MS characterization of selenoprotein P:

• A UPLC Dionex Ultimate 3000 RS (ThermoFischer Scientific, Germering, Germany) pump was used for reversed-phase HPLC.

• A nanoUPLC Dionex Ultimate 3000 RS (ThermoFischer Scientific, Germering, Germany) was used with C18 Acclaim PepMap TM that was calibrated using Pierce HeLA Protein Digest Standard from (ThermoFischer Scientific)

For MS characterization of selenoprotein P with auranofin and cisplatin:

• A nanoUPLC Dionex Ultimate 3000 RS (ThermoFischer Scientific, Germering, Germany) was used with C18 Acclaim PepMap TM that was calibrated using Pierce HeLA Protein Digest Standard from (ThermoFischer Scientific)

If used with nanoUPLC Dionex Ultimate 3000 RS, the ESI source was replaced by a TriVersa Nanomate (Advion, Ithaca, New York, USA) using an injection chip with a coupler. The following parameters were adjusted: capillary temperature, carrier gas temperature, shielding gas pressure and spray voltage. Data processing was carried out in the Thermo XCalibur program and with Proteome discoverer for the experimental masses, Expasy software were used for the generation of theoretical masses. Optimized ESI conditions used during analysis have been grouped in Table 14.

For Selenovassopressin/auranofin interaction:

The electrospray ionization mass spectrometer used was a Q Exactive plus quadrupole-orbitrap hybrid mass spectrometer (Figure 44, Thermofisher Scientific, Germering, Germany) in positive ionisation mode. The following parameters were adjusted: capillary temperature, carrier gas temperature, shielding gas pressure and spray voltage. Data processing was carried out in the Thermo XCalibur program used for the generation of theoretical masses and their comparison with experimental ones. Optimized ESI conditions used during analysis have been summarized in Table 15. 

Methods

The following part describes the optimized methods used to isolate SelP from human blood serum and for the studies of interaction of SelP and SeAVP with auranofin.

Purification of selenoprotein P

Human blood serum was removed from a -80 °C freezer, and an aliquot of 20 mL was thawed at room temperature for 1 h. Once liquid, the aliquot is centrifuged and then, 7.5 mL of serum was recovered and diluted in 7.5 mL of water. This new aliquot is used for the purification, the rest of the 20 mL aliquot is kept at -20°C in a freezer for other analysis.

Immobilized metal affinity chromatography separation

The IMAC column was loaded with 25 mL of IMAC Chelating Sepharose (on the right) and kept at 4°C in 20% of ethanol when it was not used. A peristaltic pump was used for the loading of solutions.

The IMAC column was washed before every experiment using a 0.2 M EDTA solution at pH7, followed by 5 column volumes of water at 4mL/min. A freshly prepared solution of 0.1 M of Co(NO3)2 was then loaded. The non-retained Co 2+ was washed from the column with water. The column was then conditioned with 0.5M ammonium acetate pH 7 as a running buffer.

Serum samples were thawed each morning prior to the experiment, and centrifuged. Then, a 7.5mL aliquot was diluted twice with water. After the column was conditioned, the sample was loaded on the column at 2mL/min.

The column was then integrated into the dual-HPLC system coupled online with ICP-MS as shown in Figure 45. The separation of SELENOP from other proteins was followed using UV and ICP-MS. For this purpose, an online setup was developed and presented in detail in Figure 46.

The elution was realised with the first HPLC column at 5mL/min with the gradient presented in Table 12. The eluate was split into a 0.5 mL/min flow directed to UV-ICP MS and 4.5 mL/min to the fraction collector. Fractions were collected between 100 and 115 min. The rest of the flow that was directed through the UV module was split again with a second HPLC with water at 0.5mL/min to dilute by the solution prior ICP-MS analysis. This step was used to reduce the salt content of the solution to avoid clogging of the nebuliser, and to avoid sending a huge salt concentration into the ICP where 59 Co, 60 Ni and 78 Se 80 Se isotope were measured. After fraction collection, the solution was kept at 4°C to be used for heparin affinity separation.

The optimization of this method will be discussed in detail in Chapter 9.1.1 (Results and discussion Section)

Heparin affinity separation

The heparin column was washed prior to each experiment using water (5 column volumes) and 0.1 M ammonium acetate buffer (5 volume) using a peristaltic pump at 1mL/min.

The solution collected after IMAC separation was diluted 10 times with and pH was adjusted to 5.8. The solution was then loaded overnight on a Heparin Hitrap TM 5mL column.

The column was then integrated into the dual HPLC system coupled online with an ICP-MS instrument as shown in The elution was realised with the first HPLC column at 5mL/min with the following gradient with the gradient presented in Table 12.

The eluate flow was split into 0.5mL/min directed to UV-ICP MS and 4.5mL/min to the fraction collector. Fractions were collected between 34 and 38 min. Similar to the IMAC, the solution is also diluted with the second HPLC at 0.5 mL of water prior injection on ICP-MS. 59 Co, 60 Ni and 78 Se 80 Se isotopes were monitored. After fraction collection, the solution was kept at 4°C to be used for concentration, characterization and quantification methods. 

Concentration method

To realise further analysis on the sample, the ≈ 20mL of Heparin fraction was concentrated. An SPE column Isolute C4 on visiprep 24 TM DL from Supelco was used (Sigma-Aldrich, Saint-Louis, Missouri, USA) (Figure 47). The column was washed using 20 mL of 50% MeOH, and 20mL of 0.1% FA a solution in 5% MeOH.

The sample was loaded 3 times on the SPE column. After the loading, the column was washed with 5mL of 5%MeOH. Finally, the SELENOP was removed using 1mL of 80% MeOH.

The solution was concentrated using SpeedVac concentrator plus (Eppendorf, Hambourg, Allemagne) at 30°C for 1 h. The final volume of the sample was 150 µL.

Several other methods were used to concentrate the sample, they will be discussed in Chapter 9.1.4 (Results and Discussion Section).

Quantification of selenoprotein P Total selenium quantification

During the purification steps, aliquots of 1mL were collected to quantify the recovery and concentration of selenium in serum. In the specific case of concentration methods, the whole sample was used.

Samples were frozen using liquid nitrogen and then dried using a freeze-dryer for 12h. After the drying process, a volume of 100μL of conc. HNO3 was added to each sample. The samples were incubated overnight at 60 °C using a DigiPrep. Samples were then diluted with 2% HNO3 and analysed by ICP-MS. Isotopes 74 Se, 76 Se, 77 Se, 78 Se, 80 Se, 82 

Protein quantification method

Protein concentration was measured using a DC Protein Assay Kit from (Bio-Rad, Hercule, California, USA). The kit contains 3 solutions Reagent A, an alkaline copper tartrate solution, Reagent B, a dilute folin reagent and reagent S, a surfactant solution.

The DC (detergent compatible) protein assay is a colorimetric assay for protein concentration following detergent solubilization. The reaction is similar to the Lowry assay, but has been modified to save time.

The DC protein assay requires a single 15-min incubation, and absorbance remains stable for at least 2 h.

A volume of 20 µL of reagent S is diluted in 1 mL of reagent A. This new solution will be called A' and remained stable for 1 week. In the case of precipitation, the solution was heated and vortexed. Calibration solutions were prepared using BSA diluted in water at concentrations from 0 to 5 µg/µL. The solutions were kept for 1 y at -24°C. A 5µL sample aliquot and calibration solution were pipetted into the 96 well-microplates. Each sample or calibration solution was analysed in triplicate. A volume of 25µL of solution A' was added to each well, followed by addition of 200 µL of reagent B. The solution was homogenized and incubated for15 min.

Using a SPECTROstar nano (Figure 48), the absorbance was measured at 750nm. was added with a ladder from 10-250 kDa to determine the protein mass.

The electrophoresis was carried out at 100V for 1 h 30 min in a running buffer composed of 25 mM Trizma base, 3.5 mM of SDS and 192 mM of glycine. The gel was then removed and gently shacked for 1h in a coloration solution composed of 0.1% (w/v) of blue of bromophenol, 25% of methanol and 10% acetic acid. After 1h, the gel was transferred into another bath containing a destaining solution with 30% ethanol and 5% glycerol.

The gel was placed on a slimlite reading plate (Kaisercraft, Sydney, Australia) and a picture was taken using a cellphone.

Bottom-up proteomics approach

The samples were buffered to pH 7.5 to fall within the reactivity range of trypsin digestion activity. The samples were incubated at 37 ° up to 70 °C in the presence of DTT 1:10 eqs for 30 min and then let react with 1:10 eqs IAM (eqs were calculated thanks to protein dosage). Then 1:50eq of Trypsin was added and incubated overnight at 37°C. The reaction was stopped by addition of 1μL of formic acid. Samples were kept at -80 °C prior to analysis.

Two methods were used to identify SELENOP peptides in the samples:

• The first method used was nanoUPLC-TriVersa Nanomate-MS (Lumos). A nanoC18 column was placed at 40°C. The mobile phases were: A -0.1% formic acid and B, 0.1% formic acid in 90% acetonitrile. The flow rate was 10 µL/min. Elution was performed with the gradient presented in Table 11. The sample injection volume was 3µL.

• The second method is using the UPLC-ESI-MS (Lumos). A C18 column was placed at 40°C.The mobile phases were: A -0.1% formic, and B-0.1% formic acid in 90% acetonitrile.

The flow rate was 300 µL/min. Sample elution was performed with the gradient presented in Table 12. The sample injection volume was 10 µL.

Studies of interaction between selenoprotein P and metallodrugs (auranofin and cisplatin)

Stock solutions at 0.6 mM of Auranofin, and 0.1mM Cisplatin were prepared by dissolving the sample in DMSO.

For auranofin, aliquots of SELENOP (10µL) solution were diluted with 2 mM ammonium acetate buffer (pH 7.0). 10eq of DTT or TCEP were added to the peptide solution. Then, 3 to 10 equivalents of auranofin were added to protein solution. The mixtures were left under stirring overnight at 37 °C up to 70 °C in a water bath.

For cisplatin, aliquots of SELENOP (10µL) solution were diluted with 2 mM ammonium acetate buffer (pH 7.0). 10 eqs of DTT or TCEP were added to SELENOP solution. Then, 3 to 10 eqs of cisplatin were added to the protein solution. The mixture was left under stirring overnight at 37 °C up to 70 °C in a water bath.

The samples were then incubated overnight at 37 ° C in the presence of 1:50eq of trypsin under stirring.

After being neutralized with 1μL of formic acid, the sample was frozen and kept at -80°C until analysis.

Liquid chromatography separations were performed by nanoUHPLC. Data obtained from on-line detection by MS were used for the identification of the reaction products.

Studies of interactions between vasopressin, diselenovasopressin and auranofin

Stock solutions of AVP 0.92 mM, [Se-Se]-AVP 0.85mM, DTT 0.4 M and TCEP 0.1 M were prepared by dissolving the samples in ultrapure water.

Stock solutions (10 mM) of auranofin, Au(PEt3)Cl, Au(PEt3)Br, Au(PEt3)I, and Au(PEt3)2 were prepared by dissolving the sample in DMSO.

Reduction studies

For the reduction of [Se-Se]-AVP, aliquots of its stock solution were diluted with ammonium acetate solution 2 mM (pH 7.0) to 0.1 mM final peptide concentration. Then, aliquots of DTT or TCEP stock solution were added in peptide to reducing agent ratios 1:10, 1:100, 1:200 and 1:400 (1 mM, 10 mM, 20 mM, and 40 mM, reducing agent concentration respectively). Those mixtures were explored over different T (from 37 °C up to 70 °C) and at incubation time (from 30 min up to 5 h).

[Se-Se]-AVP aliquots were also incubated, without reducing agents, at 70 °C overnight in a water bath under stirring.

Incubation with gold(I) compounds

Aliquots of peptide stock solution were diluted with 2 mM ammonium acetate solution pH 7.0 to 0.1 mM final peptide concentration. Then, 3 equivalent of gold (I) compounds (AF, Et3PAuCl, Et3PauBr, Et3PauIor [Au(PEt3)2]Cl were added to the peptide solution (0.3 mM of final gold (I) compound concentration). The mixtures were left under stirring overnight at 37 °C or 70 °C in a water bath.

After the incubation, all solutions were sampled and diluted to a final peptide concentration of 6 μM using 2 mM ammonium acetate pH 7, 2% (v/v) of ACN and used for LC-MS analysis.

LC-MS analysis

After the incubation, all solutions were sampled and diluted to a final peptide concentration of 6 µM using 2 mM ammonium acetate pH 7.0, 20% (v/v) of ACN and 0.1% (v/v) of formic acid and used for LC-MS analysis.

Separation and identification of samples were performed by LC-MS/MS (Q-Exactive). 

RESULTS AND DISCUSSION SECTION

This section describes the development of a methodology to isolate and quantify SELENOP from serum.

For this purpose, a multiaffinity chromatography separation has been developed. ICP-MS was used to monitor the selenium signal. The combination of IMAC affinity chromatography first described by Sidenius et al. (274) and the well-known heparin affinity chromatography extensively described over the last decade (143,238,270) has been revisited. The aim was to separate SELENOP from the other proteins present in human serum and to preconcentrate it for the purpose of characterization and studies of interactions with metallodrugs.

Purification of selenoprotein P from serum

Optimisation of immobilized metal affinity chromatography

SELENOP possesses two histidine stretches (cf. Figure 11,) which are responsible for its retention by IMAC chromatography and offer the possibility to separate it from other seral proteins. Cobalt (II) has been chosen as the chelated ion in the stationary phase according to Sidenius et al. (274).

Initial experiments

Initially, serum aliquots of 20 mL were filtered using 0.45 µm filter to remove potential protein precipitate before injection on IMAC column. However, the recovery of selenium turned out to be poor. About 50% of the serum selenium content was retained on the filter, reducing considerably the amount of selenium to be injected on the IMAC column and thus potentially diminishing the recovery of SELENOP. Therefore, filtration was abandoned and the sample was prepared as described in Chapter 8.6.1 (Experimental section). The centrifugation was implemented to remove the potential clot. Less than 1% of serum selenium content was detected in the clot.

The initial IMAC Sepharose column used was prepared with 50 mL of Chelating Sepharose resin. A solution of 25 mL at 0.1 M of Co 2+ was loaded on the column. The preparation of the column described in Chapter 8.6.1, took 3h with ca. 750 mL of solvent used. The initial gradient lasted 6.5 h and used 2.5 L of buffer A and 1L of buffer C (cf. section 8.4). A volume of 15 mL of sample was taken for each experiment. Originally, the experiment was not performed online, but 40 fractions were collected from the elution time range between 200 and 300 min. 10 µL of each fraction was diluted in 100 µL of HNO3 2% and injected on ICP-MS. Figure 49 shows that the signal of selenium was low meaning that sample selenium concentration seems low. Little information was obtained on the loss of selenium during sample loading, corresponding to Fraction 0 (F0).

Following this initial experiment, it was attempted to improve the efficiency of the IMAC purification steps using a different stationary phase (Sepharose 6 fast flow from Cytiva (Dassel, Germany). However, almost no Se signal was observed. After this result, a new chelating sepharose phase (Chelating Sepharose fast flow from Cytiva (Dassel, Germany) was purchased and investigated. This second phase was giving results that was matching the initial work performed by Ouerdane et al. in our lab.

To determine where the loss of selenium was occurring, the initial experiment was modified. A split was installed to divide the flow 1/5, to the ICP MS and to the fraction collector, respectively. As it is presented in Figure 50, a considerable improvement was observed in terms of the Se signal intensity. The origin of the low signal that was observed in the initial experiment was coming from the dilution factor. The fractions were diluted 10 times, which reduced the signal from 2500 cps to 250 cps. To improve the signal on the ICP and reduce the salt content, a new HPLC was introduced in the system to dilute the sample prior to injection on ICP, adding a second split connected to the flow going to ICP and adding 0.5 mL of MQ water to the 1/5 flow resulted in a dilution. A two-fold dilution was decided as a compromise between signal and salt concentration. The miniaturisation of the experiment

A major problem about the purification of SELENOP was linked to solvent and sample consumption and the duration of the experiment. A complete purification via IMAC of SELENOP took originally 12h. Therefore, to reduce the time of the experiment, it was attempted to downscale the experiment.

The column volume was first reduced to 5 mL as the initial volume of the column was 50 mL, every parameter was reduced by 10. The amount of serum used was tested from 0.5 to 1.5 mL to see if the column capacity was still enough to handle 1.5 mL. As your result showed, 750 µL was the best compromise to obtain the maximum signal for SELENOP. The duration of the experiment was reduced to 1h, but the amount of Se recovered was very low, less than 1ng of selenium and judged to be too low to perform other purifications steps efficiently.

A compromise between time and sample quantity was found. First, the column volume was reduced from 50 mL to 25 mL, thus reducing the time of the experiment twice. Then, the optimization of the gradient allowed the reduction of the overall time by 2.5 to reach the final time of the experiment of 145 min.

Influence of temperature on loading and binding of selenoprotein P

In proteomics, the degradation of proteins is the main concern during long purification methods. In our case, the purification was performed at room temperature, due to the ICP localisation. However, the loading was technically possible at 4°C. Experiments were performed to answer the question of whether the loading temperature influenced the final result.

Two comparative experiments were performed in similar conditions with only the loading temperature as a different parameter. One experiment was performed with loading at room temperature (20°C) and the other one was performed in the cold room at 4°C. As illustrated in Figure 51, about 2/3 of the signal was lost with the loading at 4 °C. This phenomenon can be explained because SELENOP is potentially less active at cold temperatures and does not appropriately interact with Co 2+ present in the stationary phase. Consequently, the SELENOP binding was less efficient and the amount of non-retained selenospecies increased. Experiments were performed to test the influence of Co 2+ excess on the binding capacity of IMAC. The Co 2+ concentration was set to 1 M of Co 2+ . However, no significant difference was observed between 0.1 M and 1 M concentrations. A solution (pH 7.4) of 20 mM imidazole, 20 mM sodium phosphate and 0.5 M NaCl, was also tested to increase the binding, the solution is used to clean the column after the chelation of the metal to remove all non-chelating Co 2+ that are free and could impair the correct binding of the protein with the stationary phase. This solution was supposed to remove unbound Co 2+ from the column but no significant difference between experiments with or without these cleaning steps was observed.

Optimized selenoprotein P purification using immobilized metal affinity chromatography

The optimization resulted in the purification of SELENOP illustrated in Figure 52. Two Se peaks with a similar area can be observed. The first peak corresponds to the non-retained fraction of seleniumcontaining among others, Gpx and proteins with low or no histidine that could be observed by the UV signal. ICP-MS obtained this chromatogram after a dilution by 2 using MQ water introduced by the second HPLC. Proteins with histidine stretches are retained on the column. In order to remove them, a pH gradient from 7 to 4.1 was applied. SELENOP was eluted from the column at 100 min with 100% of Buffer C (0.5 M Ammonium acetate, pH 4.1). The UV signal shows that the amount of protein decreased during the gradient; there was no absorbance when SELENOP was collected. Therefore, it can be concluded that the majority of proteins are not retained on the column and that SELENOP could have been considerably enriched. Note that the results are similar to those reported by Reyes et al. (290).

Even if the affinity column used was not the same, the morphology of the chromatogram was the same with a first peak corresponding to the non-retained species is observed from 0 to 15min and the second peak corresponding to SELENOP is observed from 105 to 118 min. Depending on the Se isotope followed, the hight difference between both peaks can vary, 80 Se was selected for the high signal in cps obtained but the spectrum with 78 Se display and a smaller difference between the first and the second peak, that difference in height can be explained by the fact that 78 Se has less interferences than 80 Se which can overestimate the signal of 80 Se.

Table 16 shows the synthesis of all the parameters used in the optimized IMAC procedure. The optimization allowed us to obtain narrow peaks with good reproducibility. Indeed, for 7 experiments, a standard deviation of the SelP peak was less than a minute.

Repurification of selenoprotein P using heparin affinity

In order to increase the purity of the SELENOP isolated by IMAC, a second purification step using its affinity to heparin was developed like the one from Heitland et al. (174). SELENOP was loaded overnight at pH 5.8 on the column at 4°C after being diluted 10 times. Using a salt gradient of 1.5 M of ammonium acetate, SELENOP was removed from the column. As it was shown in Figure 53, SELENOP eluted at 38 min with a gradient of 75% of Buffer E. No other selenoproteins were observed, indicating that the separation made with IMAC was sufficient to remove other seleno-species. The UV trace showed however, that SELENOP was not the only protein remaining on the column which means that IMAC was not sufficient to separate SELENOP from other proteins, confirming the need for a second purification step. 

Gradient and UV signal (% and normalize

During the conception of the Heparin purification, we have tested some parameters to obtain the graph presented above. The first crucial parameter is the size of the column. Heparin Hitrap is commercially available in 2 forms 1mL and 5mL column. When working with a 1mL column, a 10% recovery was obtained after Heparin by quantification even if the amount of serum introduced in the IMAC was changed. To overcome that problem, increasing the size of the column was decided, and using a 5mL column gave much better recovery (71%).

Another parameter that was checked is temperature. Heparin is used mainly at low temperatures (4°C), but we decided to check if working at 20°C could improve the binding of the protein to the column. Unfortunately, no real difference was observed between the two temperatures, so the loading of the SELENOP solution was maintained on heparin at 4°C to avoid possible degradation overnight. The final parameter that was changed is pH, the heparin column was used at a pH of 7, but unfortunately, the SELENOP was not well retained on the column and working with a pH of 5.8 was displaying the best result (Figure 54), so the pH was fixed at 5.8. Using pH 5.8 was helped us to improve by 5 the signal of selenium compared to the one with pH 7 and to reduce the peak width.

Concentration of selenoprotein P after heparin separation

The purification of protein results in most of the cases in a heavy dilution of the sample. To reduce this effect, it is widespread to concentrate the protein afterwards using the cut-off filters.

For the purpose of concentration SELENOP eluted from the heparin column, we investigated a number of cut-off filters summarized in Table 17 and centrifugation.

However, more than 99% of the selenium was lost on either of the filters, so other concentration methods needed to be considered and tested.

One of them was freeze-drying. However, due to a relatively large volume (20mL) collected after heparin purification, it was time-consuming. More important, no SELENOP protein could be recovered after freeze-drying. One hypothesis to explain this phenomenon is that the protein had precipitated during freeze-drying. In such a case, urea is recommended to facilitate the solubilization of the protein.

However, even with an 8 M concentration of urea, the protein was not resolubilized and could not be observed in gel or in ESI-MS analysis after tryptic digestion. 
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However, more than 99% of the selenium was lost on either of the filters, so other concentration methods needed to be considered and tested.

One of them was freeze-drying. However, due to a relatively large volume (20mL) collected after heparin purification, it was time-consuming. More important, no SELENOP protein could be recovered after freeze-drying. One hypothesis to explain this phenomenon is that the protein had precipitated during the freeze-drying. In such a case, urea is recommended to facilitate the solubilization of the protein. However, even with an 8 M concentration of urea, the protein was not resolubilized and could not be observed in gel or in ESI-MS analysis after tryptic digestion. To overcome this problem, the use of solid-phase extraction (SPE) was investigated to concentrate the protein. SPE allows extraction, purification and enrichment in analytes before their quantification. It is fast (less than 30 min) and easy to perform. In addition, small amounts of solvents are handled, and it is entirely suitable for the pre-treatment of complex samples such as urine, blood, food, water (342)(343)(344)(345). This technique was evoked by Jitaru et al. (239) in the context of SELENOP speciation in order to remove Cl and Br interferents in ICP MS detection.

A C4 stationary phase was selected being one available in our lab. It offered the capacity to retain SELENOP and remove potential interferents from the fraction collected after heparin purification. SELENOP could be eluted after several rinses with 80% MeOH. The solution obtained was then concentrated by evaporation under a vacuum. By optimizing this technique, it was possible to reach the recovery of SelP of 3% (in terms of total selenium concentration of serum) and 14% (in terms of the selenium concentration after Heparin purification).

The massive loss of selenium after heparin purification is a significant issue that still needs to be investigated. Other techniques, such as immunoprecipitation, using magnetic beads to pull the protein out of the solution, are here of potential interest and should be tested in the future.

Size exclusion chromatography

The following columns were used to SEC column (Table 18). The sample after SPE contained about 80 ppb of selenium. With this concentration, a signal of at least 10,000 cps was supposed to be produced by SEC -ICP MS. However, regardless of the SEC column used, no signal above 3000 cps was observed. As no sufficient selenium signal was obtained, a Gpx sample was tried at 55 ppb of Gpx to see if the problem was coming from the column or from the SELENOP sample. In Figure 55, the theoretical concentration of selenium in Gpx is supposed to be less than 1ppb, the signal difference being massive, with a factor x10. The signal observed for SELENOP does not match the selenium concentration that we obtained. The problem was similar with the fast SEC Acquity UPLC BEH 125 SEC Gold Column, where the SELENOP peak was not sufficiently intense after the elution (Figure 56). The selenium signal presented in the figure is extremely low and does not fit the selenium concentration.

Knowing that SELENOP theoretical size is below 75 kDa, what was observed on SEC, was not expected. Therefore, the SELENOP should not have been stuck before or in the column. One hypothesis that could explain why a low signal is detected for SELENOP is the following. The signal of SELENOP is not detected because only a small amount of the protein passes through the column. The rest of the protein could interact with another non-Se protein. As a result, the complex form will have a mass above 100 kDa, making it difficult for SELENOP to pass inside the column pore.

Sodium dodecylsulfate-polyacrylamide gel electrophoresis

SDS-PAGE electrophoresis was used to evaluate the degree of purification and to check for the presence of potential isoforms of SELENOP. Using a pre-cast gel from Biorad at 8-16%, the sample of concentrated.

SELENOP was loaded on the gel and eluted. The result obtained using protein detection with Brilliant blue dye (Blue Coomassie staining) is presented in Figure 57.

Protein bands could be identified in the region between 75kDa and 50 kDa. This region corresponds to the region where SELENOP and its isoforms are expected to be observed (143). It is therefore very likely that the two bands observed correspond to 55kDa and 61kDa SELENOP isoforms. Note that a band of 200 kDa close to the starting zone of the gel can also be observed. 
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The dye use is not optimal for such a low concentration, making it challenging to interpret a result correctly.

Other staining techniques can be used to improve the gel. The fluorescent staining method and silver staining are two method that could be considered when working with low protein concentration. Another method that could also help to interpret the gel is Western blotting or immunoblotting. 

Electrospray ionisation mass spectrometry analysis

SELENOP is too big to be observed intact in ESI MS. In order to be characterized, it has to be cut enzymatically into peptides that can be identified and sequenced by electrospray MS/MS. Trypsin, used in bottom-up proteomics, is the most common enzyme used. By comparing the masses of the proteolytic peptides and/or their tandem mass spectra with those predicted from a sequence database or annotated peptide spectra in a peptide spectral library, peptides can be identified and multiple peptide identifications assembled to identify the protein.

To perform the characterization, a sample of SELENOP was first derivatized using 10eq of DTT and IAM. The protein was then digested overnight in the presence of 1/50 eq of trypsin at pH 8. The sample was diluted by 2 and then injected on Acclaim TM RSLC C18 column connected to an ESI mass spectrometer operated in positive mode. All the detected peptides are summarized in Table 19.

In Another characterization was performed using C18 Acclaim PepMap TM column by nanoHPLC -ESI-MS (positive mode). The sample of SELENOP was first derivatized using 10eq of DTT and IAM. The protein was then digested overnight in the presence of 1/50 eq of Trypsin at pH 8. The sample was diluted by 2 prior to injection. Figure 61 shows the presence of 3 peptides, the XICs show that peptides concentration was higher than above due to the pre-concentration and desalting on a pre-column. The result obtained are similar to the previous one with the exception that fewer peptides were observed but their concentrations were greatly improved can be observed in the XICs. All the peptides observed by mass spectrometry were unique to SELENOP which mean that these peptides are confirming that the SELENOP is present in our sample. Moreover, they all display the specific pattern of selenium.

As mentioned above, another band of protein was observed in gels. This protein could be identified as α-2-macroglobulin (or rather its fragment as the size of the original protein is 725 kDa). 

Quantification

To determine the overall recovery of the purification, two techniques of quantifications were used, one based on UV absorption and the other one on total selenium quantification.

Protein quantification

In order to carry out SDS-PAGE and to determine the amount of trypsin needed for enzymatic digestion, the determination of protein content in the sample was of paramount importance. For that we used a commercial kit from Biorad using UV absorbance to detect the protein presence in the sample. Undiluted samples were used. Three replicates were carried out.

Table 21 presents the results obtained. The limit of detection for this technique was 0.44 g/L and the limit of quantification was 2.7g/L. The values obtained were between both the LQ and the LD meaning that SELENOP could not be quantified precisely but it could be detected. These results cannot be used to quantify SELENOP without selenium quantification, especially knowing that another protein was detected in the gel. 

Total selenium quantification

To quantify the selenium amount, samples were collected along with all the purification/concentration steps. The samples were lyophilized, and diluted with 2% HNO3. Selenium isotopes 76 Se, 77 Se, 78 Se, 80 Se, 82 Se were monitored. A standard was established in the range from 0.5 to 50 ppb (selenite in 2%HNO3).

Table 21 shows that 67 ppb of total selenium was detected in serum fitting the range of values reported earlier by Heitland et al. (238) and in other studies using isotope dilution -ICP MS (138,289).

The results in Table 21 confirm that a significant amount of selenium was lost at the final step of the purification and the concentration step was hardly successful.

Table 22 Selenium content obtained using ICP-MS and by following 76 Se, 77 Se, 78 Se, 80 Se, 82 Table 22 confirms that the recoveries at each step of purification are far from quantitative. The difference between the first IMAC peak and the one containing SELENOP could be linked to a problem of column capacity. The overall recovery of IMAC is 87% which is correct knowing that two small peaks of selenium could be seen in Figure 53. A selenium loss is observed during Heparin separation with a loss of 29% of IMAC selenium. The Heparin column capacity could have been reached when we compare the recovery presented in Table 22 to the 96% of recovery using Heparin reported by Heitland et al. (238). The remaining drawback of the developed methodology's is the loss of 86% of the selenium content during the final concentration step.

A considerable difference was observed when comparing the result of selenium content obtained to the one calculated with the protein quantification. There is a difference of x120, meaning that the quantified protein does not entirely correspond to the SELENOP concentration. Moreover, the concentration of SELENOP in the sample calculated should be 0.004 g/L. In the literature, the concentration of α-2macroglobulin is considered to be around 2-4g/L (346, 347). However, the SELENOP concentration is comprised between 0.002 to 0.003 g/L in serum if we used the interval presented by Heitland et al. (241).

Table 23 Selenium recovery obtained using ICP-MS and by following 76 Se, 77 Se, 78 Se, 80 Se, 82 The objective of this part was to study the interaction between the SELENOP and metallodrugs such as auranofin and cisplatin. For this purpose, a methodology needed to be developed to study the proteinmetallodrug interaction and to characterize the binding sites.

Interaction of auranofin and cisplatin with full-length selenoprotein P

The explored principle of the method was based on size-exclusion chromatography with the simultaneous ICP MS detection of selenium and the metal. This should allow to identifying intact SELENOP, a SELENOP -metal adduct and free metallodrug. However, auranofin was shown not to elute completely from the column. Moreover, as it was shown in Figure 64, selenoproteins can react with the gold left on the column producing a peak at the elution volume of SELENOP.

Figure 64 Chromatogram of the SELENOP and auranofin co-elution after the injection of SELENOP on a column contaminated with traces of auranofin (green 197 Au, red 80 Se)

To see if the phenomenon was reproducible, another experiment was performed by manually reproducing the potential interaction, SELENOP sample after purification was incubated with DTT and auranofin and cisplatin for 1h. The sample was then injected into the same SEC column, and the isotope of gold, platin and selenium were followed. As presented in Figure 64, a co-elution is observed between Au and Se. That observation confirmed what was observed in Figure 65: possible interaction between Au and peptide from SELENOP. The co-elution was also observed with platinum compound, but it seems that this interaction was not necessarily linked to the selenopeptide of SELENOP (Figure 66).

In order to obtain a deeper insight in these interactions, the protein is digested by trypsin and the binding of the two analysed metallodrugs with the individual peptides was probed. 11.2. Identification of the interaction between selenoprotein P and metallodrugs on the peptide level 11.2.1. Auranofin The reactions of SELENOP with the gold compounds were investigated using reversed-phase nanoHPLC with electrospray MS/MS detection (LC-MS).

To detect the peptide sequence interacting with gold, the isotopic profile of selenopeptide was studied for SeCys containing peptide (Figure 67). MS/MS data were used to confirm the presence of PTMs (such as glycosylation) and metalation on the peptide sequence. 

S-Au peptide

Table 24 summarizes all the peptides with Cys-moiety that were observed by mass spectrometry and were displaying gold adducts. In this table, all peptides were manually verified, to fit mass shift induced by the interaction of gold moiety with Cys, however due to the low concentration, most of the MS/MS spectrum obtained for all the peptides are not exploitable. All the data presented in red are therefore considered as potential interactions that need to be validated. The MS/MS data shown in Figure 68, corresponding to the first peptide presented in Table 24, allowed the finding that the +315.14 addition was located in the first half of the peptide, and more precisely on the cysteine. With this data we could confirm that one AuPEt3 + ligand directly binds the Cys. When compared with the supposed sulfur isotopic profile the less intense peaks are missing. This could be explained by the fact that the sample was too diluted. The concentration of the sample is yet again primordial to obtain better data and more information on the peptide interaction with gold compounds. 

Se-Au peptide

Table 25 summarizes all the peptides showing the Se isotopic pattern and potentially forming gold adducts. All the peptides highlighted in red were manually verified, to fit the selenopeptide isotopic pattern, however due to low concentration, most of the MS/MS spectra obtained could not be exploited. The data presented are therefore considered as indications of potential and not effective interactions between Au-SeCys.

The peptide in Table 25 row 1 is the only gold adduct peptide for which a sufficient amount of quality MS/MS could be obtained. The MS data confirm the presence of 3 AuPEt3 + adducts on the SeCys of this sequence (three times the mass shift of 315.14) (Figure 69). As presented in the precedent part, the presence of an interaction between SELENOP and auranofin is verified. However, the low concentration of the sample and some parameters are not optimal to obtain more consequent information on this interaction. The phenomenon that was observed by ICP on the purified SELENOP (Figure 65 and 66) seems to be explained by mass shift observed on digested peptides after protein metalation and the MS/MS fragmentation pattern of two of them showing the involvement of Cys and SeCys in the binding with Au.

Cisplatin

The reactions of SELENOP with the platin compounds were investigated using reversed-phase nanoHPLC with electrospray MS/MS detection (LC-MS).

To detect the peptide where the interaction between Pt and Cys or SeCys, isotopic profiles of sulfur/selenium/platin were used to confirm the presence of the peptide having interacted with the drug (Figure 70). MS/MS data were used to confirm the presence of the PTMs (glycosylation) and metalation (metallodrug fragment) on the peptide sequence.

In Table 26, we present the peptides that we were able to detect and characterize by MS/MS. The first peptide displays multiples cisplatin rbinding on all the Cys and also an O-glycosylation on the Ser. The MS/MS data allowed us to locate each modification as presented in Figure 71. The second observed peptide is particularly interesting because it corresponds to a three miss-cleaved in SELENOP that contains 3 SeCys residues, two of them interacting with a Pt as presented in This peptide shows that SeCys platination is possible under our experimental conditions, and seems to prevail over Cys platination.

However, some experiment needs to be conducted on the model peptide to determine if the difference in term of platination could be linked to a stronger interaction or to the effect of some reagents used for the peptide digestion such as trypsin, that could impair the binding.

Figure 73 is regrouping the four metaled peptides that were observed and characterized by MS/MS displaying either AuPEt3 + or Pt(NH3)2Cl + . These metalations obtained were mainly located on Cys and SeCys. These are preliminary results which need to be improved. However, they allow to better explain our first ICP-MS data showing the interaction of the purified SELENOP with the analyzed metallodrugs. In order to investigate the effect of the replacement of S by Se on the conditions of the reduction of the S-S and Se-Se bonds by medicinal gold(I) compounds, this section presents the reactions of auranofin and its strict analogues (Figure 41) with vasopressin and its diselenide counterpart (Figure 41) using reversed-phase HPLC coupled with electrospray MS/MS detection.

Unreacted peptides characterization

Our first objective was to characterize our starting peptides AVP (Annexe 1 Table 1 entry The presence of two selenium atoms in [Se-Se]-AVP confers the characteristic isotopic pattern of the its mono-and di-charged ions (Figure 76).

Disulfide and diselenide reduction

First, we tried to reduce both compounds through classical methods by using DTT or TCEP as reductants. The reduction took place quite easily in the case of the disulfide bond when employing classical incubation protocols with DTT or TCEP (10 eq. with respect to the peptide), for 30 min at 37 °C (Annexe 1 Figure 10, Annexe 1 Table 1 entry 3). In contrast, the same experimental protocol did not result in any [Se-Se]-AVP reduction. Reduction of the latter was possible only after prolonged incubation of the peptide (at least 3h) with an elevated concentration of DTT (20 mM) at high temperature (70 °C), thus indicating the by far higher stability of diselenide bond in comparison with the disulfide bond. Notably, the latter reduction procedure generated two different products (Figure 77). By comparing the relative intensity of their isotopic peaks (Figure 78), it appeared that only one Se atom was conserved in the peptide structure. The reduction probably favours the degradation of one of the SeCys residues. MS/MS experiments on these two products revealed that Se is preserved either at the N-terminus (Figure 79) or in the middle of the sequence (Figure 80 and 81, Annexe 1 Table 1 entry 5). In the latter case, we observed at the N-terminus the likely formation of a pyruvoyl group, a hydrolysis product of the unsaturated amino acid dehydroalanine, formed by β-elimination of SeCys (348).

Effect of temperature on the reduction of the diselenide peptide

To discriminate between the effects induced on [Se-Se]-AVP by DTT or by temperature, we incubated the peptide at 70 °C in the absence of a reducing agent. We observed a partial conversion of the peptide into dimers (Figure 82 and Annexe 1 Table 1 entry 5). This result suggests that high temperature favors the formation of dimers, most likely through the disruption of intramolecular diselenide bridges and the establishment of intermolecular ones. Even after heating, only one Se atom is conserved in the peptide structure and is probably involved in the dimer formation. The reaction of AVP, in its reduced form, with auranofin and its analogues proceeded as expected showing a partial metalation of AVP by auranofin and its chloro-analogue AuPEt3Cl either by Au(I) or by AuPEt3 + ion (Figure 83 and84). This result is in line with previous observations (222). However, it implies that while the reaction of auranofin with the disulfide group can occur at physiological temperature in a reducing environment, it cannot with the diselenide bridge. Indeed, the latter can undergo reductive cleavage only at a very high temperature and in the presence of a large quantity of DTT.

Reaction of gold(I) compounds with the oxidized peptide (S-S and Se-Se)

Subsequently, we explored the reactivity of the S-S and Se-Se bridges when vasopressin and its Se-Se analogue were challenged with auranofin and its analogues in the absence of reducing agents. We had assumed that given the large affinity of the soft gold(I) ion to either the S or Se atoms, these compounds might induce direct S-S and Se-Se bridge cleavage. However, the precise experimental conditions under which such bridge cleavage occurs had to be defined. 

Comparison of reactivity at 37°C and at 70°C

Quite surprisingly, upon working at 37°C, we realized that an important quantity of unreacted peptides was still present and only small amounts of peptide-AuPEt3 adduct were formed. Yet, by performing the same experiment at 70°C, a much higher degree of peptide metalation was observed (Figure 85 and86). Interestingly, also in the case of S-S vasopressin, the high temperature favours the formation of a pyruvoyl group at the N-terminus of the sequence ( 41) (Annexe 1 Table 1 entry 7).

Comparison of reactivity between auranofin analogues

We noticed that auranofin and all its tested analogues were able, at 70°C, to form gold adducts with both S-S and Se-Se vasopressin (Annexe 1 Figure 11 to 18). The adducts were characterized by MS/MS experiments revealing on both peptides the presence of two AuPEt3 moieties, one forming an ion via a cationization mechanism and the other one directly bound to S or Se, in AVP and [Se-Se]-AVP, respectively (Figure 87 and 88, Annexe 1 Table 1). Interestingly, among the tested gold compounds, auranofin yielded the least extended metalation. Its lower reactivity can be explained by the better leaving group ability of the -Cl, -Br, -I ligands substituting the auranofin thiosugar moiety in its analogues.

Comparison of reactivity of the S-S and Se-Se bridges

Upon comparing the LC profiles of S-S or Se-Se vasopressin reacting with gold compounds at high temperature, it appears that the reactivity of all Au(I) compounds with [Se-Se]-AVP is much higher than that with AVP. This can be seen in Figures 85a and86a showing the LC-MS of the two peptides incubated with Et3PAuCl. Indeed, while [Se-Se]-AVP is almost completely converted into its gold adduct, AVP reacts only partially and a large amount of unreacted peptide is still present in the reaction medium after the same incubation time. This observation further demonstrates that the affinity of these gold(I) compounds for Se are much bigger than that for S. The developed SELENOP purification method allowed relatively pure SELENOP to be obtained for studies of its interactions with metallodrugs. The separation of SELENOP from other selenoproteins was achieved using the double affinity IMAC-Heparin column. The SELENOP could be easily separated from the other proteins present in serum as observed by SDS-PAGE. The achieved methodological improvements offer a viable method to purify SELENOP from serum in quantities sufficient of studies of its interactions with metals.

The recoveries of 14% measured may seem low but there are impossible to be compared with literature studies as this is to our knowledge the first time where such recoveries were systematically measured at each step of the procedure. The major source of losses is the concentration step after heparin-affinity purification generating a large volume of dilute solution. The non-specific affinity to the SPE filtration used maybe one reason but the presence of α-2-macroglobulin in the eluate opens the possibility of the formation of SELENOP-α-2-macroglobulin adducts. This may also be the reason for the missing of some SELENOP at the elution volume in size-exclusion chromatography. Another open question is why the amount of SELENOP measured with the protein kit is slightly different than that obtained by other techniques such as total selenium quantification.

In terms of quantification of SELENOP in serum, our results are similar to those reported in the literature, meaning that the matrix effect of serum is not that important and does not necessarily require the use of more sophisticated quantification techniques such as isotope dilution ICP MS.

The characterisation of the purified SELENOP allowed us to detect new selenopeptides that were not detected so far in the literature. On the four-peptide presented in the literature, we identified three of them by MS characterization and 2 new peptide that were not published were also detected. One of these peptides was displaying a O-glycosylation that was elucidated thank to MS/MS data. The total number of SeCys that were identified (six of them) thank to the 5 peptides, is to our knowledge the highest reported SeCys detected so far for SELENOP, meaning that only the 4 last peptides located at the Nterminus of SELENOP need to be identified.

In terms of SELENOP purification, using magnetic bead coated with streptavidin and VICAT reagent containing biotin residue, a fishing-like methodology was imagined to selectively target seleniumcontaining species and more specifically SeCys containing protein from complex medium (349). The interest of VICAT reagents is the possibility to remove them using light-cleavable moiety or by elution to obtain either the selenoproteins with or without a mass tag that could be used to perform quantification of the protein using ESI-MS methodology. The method could eventually help us to overcome the dilution problem that was observed during the purification of SELENOP.

The availability of the purified SELENOP, allowed the observation, for the first time, of the formation of adducts with auranofin and cisplatin. The metalation site was preserved after tryptic digestion. Several peptides that were displaying interactions between Cys, SeCys and the metallodrugs studies could be observed. These results corroborate the hypothesis that SELENOP can interact with metallodrugs via SeCys and Cys residues. Two peptides were obtained with an AuPEt3 + adducts on either Cy and SeCys amino acids, and two peptides were obtained with a PtCl(NH3)2 + adducts also on Cys and SeCys, the binding site were determined using the fragmentation data obtained by MS/MS. The four peptides obtained are specific to SELENOP, and displayed different sequences. These observations were possible owing to the excellent sensitivity of the state-of-the-art mass spectrometer. Cisplatin and auranofin both preferentially interact with Cys, SeCys. However, their binding mechanism should be different due to their own chemistry.

For the moment, studies of the interactions of selenols and diselenides with metals and metallocompounds are still largely dependent on the availability of model compounds. The studies on selenovasopressin offer clear insight into the comparative reactivity of medicinal gold compounds with biomolecules containing disulfide or diselenide bonds. Gold(I) compounds are able to react with S-S or Se-Se at high temperature (70°C) by forming adducts where the AuPEt3 + ligand is directly bonded to S or Se. On the other hand, no reaction occurs between the investigated gold compounds and oxidized S-S or Se-Se vasopressins under physiological conditions (37°C) in the absence of reducing agents.

The disulfide bridge, at 37 °C, is more prone to reduction than the diselenide bridge. Consequently, upon adding a reducing agent the S-S bond can be cleaved and can form adducts with Au(I) compounds.
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 7 Figure 7 Human selenocysteine transfer RNA[START_REF] Carlson | Selenium: Its Molecular Biology and Role in Human Health[END_REF] 

Figure 8
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 9 Figure 9 Sequence of human TrxR1 A.) Canonical form of TrxR1 (non-major form in cells); B.) Major form of TrxR1 (isoform 5)

Figure 10 Figure 11

 1011 Figure10Putative number of SeCys residues in SelP in different organisms[START_REF] Lamarche | Characterization and Quantification of Selenoprotein P: Challenges to Mass Spectrometry[END_REF] 
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 12 Figure 12 Chemical structure of cisplatin and the most common cisplatin derivatives

Figure 13

 13 Figure 13 Cisplatin behaviour in aqueous solution (149)
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 14 Figure 14 Auranofin and derivatives (a) Auranofin, b) Au(Pt3)2, c)Au(Pt3)Cl, d) Au(Pt3)Br, e) Au(Pt3)I)
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Figure 17

 17 Figure 17 Nucleophilic substitution of a sulfur ligand by selenium ligand in auranofin and further reactions of Et3P-Au-SePh(193) 

  .Arnér et al. showed that their platinum compound binds the TrxR and then inhibits significantly its activity (213). Prast-Nielsen et al. showed a similar result concerning the inhibition of TrxR1 by Pt, however, the inhibition was less potent than the one induced by other metals such as Au and Pd salts (214).

Ott

  et al. (217) used a cysteine-containing peptide as a model to investigate the binding of cysteine with a gold compound in TrxR. This synthetic peptide is constituted of 10 amino-acids and contains one cysteine. The GCVG moiety was created to look like the C-terminus of TrxR were Val replaced SeCys. After reduction, they were able to detect an AuPEt3 fragment covalently bind to the Cys. This confirmed what they observed on TrxR, that one of the binding sites of gold compounds could be either Cys or SeCys peptide of C-terminus of TrxR.Pratesi et al. (222) used a short peptide model of the C-terminal motif of human TrxR containing SeCys to study its interactions with Auranofin and other di-nuclear cytotoxic complexes of Au (III) using ESI mass spectrometry. In this study, the tetra-peptide Gly-[Cys-SeCys] -Gly (with an S-Se bridge) (Figure18) derived from the C-terminal part of the protein did not show any reactivity towards the Au complexes in the absence of reducing agents. In contrast, after pre-reduction with dithiothreitol (DTT), binding between the peptide and auranofin gold was detected with loss of its ligand tetraacetatethioglucose and retention of the PEt3 ligand. They also demonstrated the presence of a second coordination site at the Cys residue.Another longer peptide model of 12 amino acids corresponding to the C-terminal fragment of human hTrxR(488-499), corresponding to the sequence Ac-SGGDILQSGCUG-NH2 (Figure18) has been described by the same authors (223). They studied its reactivity towards a series of Au N-heterocyclic carbenes (NHC) and auranofin by ESI-MS.

Figure 18

 18 Figure 18 Model peptide used as proxies of TrxR (a.Ott et al. (217), b. Pratesi et al. (222), c. Pratesi et al. (223)) Table 5 Summary of studies on the interactions between thioredoxin reductase proxies and (potential) gold-based metallodrugs Gold based metallodrug Peptide sequence Type of binding Main findings Ref Auranofin, Chloro(triethylphosphine)gold, [N-(N′,N′-dimethylaminoethyl)-1,8-naphthalimide-4sulfide](triethylphosphine)gold(I) H-AGCVGALIK-OH Au-Cys Au(I) binding with Cys moiety of the model peptide was reported. (217)

Figure 19

 19 Figure 19 Immobilized metal affinity chromatography principle A. Metal ion are introduced to bind to the stationary phase, B. The protein of interest is introduced into the column, C. Protein histidine and metal chelate will interact forming a bond and retaining the protein on the column stationary phase, D. Using a pH gradient, the protein will be removed of the column 4.1.2. Size exclusion chromatography

Figure 20

 20 Figure 20 Separation mechanism by SEC columns (234)
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 21 Figure 21 Principle of ICP-MS (185)
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 22 Figure 22 Principle of electrospray ionization(from eu.idtdna.com) 
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 24 Figure 24 Principle of Orbitrap (from Thermo Fisher Scientific) 
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Figure 25 Figure 26

 2526 Figure 25 Principle of matrix-assisted laser desorption ionisation (from creative-proteomics.com)
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 27 Figure 27 Hyphenated techniques ICP-MS et ESI-MS specific information
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 28 Figure 28 Areas of proteomics

Figure 30

 30 Figure 30 Schematic interaction between SELENOP and IMAC stationary phase

Figure 31

 31 Figure 31 Schematic overview of the principle of HPLC configuration coupled with ICP-MS for SELENOP determination

Figure 32

 32 Figure 32 MALDI-MS spectra obtained for a native TrxR1 standard (black trace) and an auranofin labelled TrxR1 standard (red trace) (220).

Figure 33 MALDI

 33 Figure 33 MALDI MS spectra of intact rat TrxR1, pre-reduced with NADPH, alone or after 1 h incubation with auranofin, at 10:1 gold to protein molar ratio, and removal of unbound gold (200)

Figure 34 ESI

 34 Figure 34 ESI mass spectra, transformed to an absolute mass scale (298) Components A-M correspond to : (A) TrxR; (B) TrxR + Au; (C) TrxR + AuL; (D) TrxR + Au + AuL; (E) TrxR + 2Au; (F) TrxR + 2Au + AuL; (G) TrxR + 2AuL; (H) TrxR + 2Au + 2AuL; (I) TrxR + 3Au; where L represents PEt3. (298)

  The comprehension of interaction mechanism on model peptide have also led to the understanding of the reactivity of natural tryptic digestion peptide interaction with gold compounds. MS / MS mass spectrometry technique made it possible to identify several active sites along with the protein. The use of MALDI-TOF-MS showed a significant metallation of TrxR after incubation with an excess of Auranofin (200). In more detail, up to 4 fragments of AuPEt3 + (Auranofin ligand) can bind to TrxR1, indicating a large number of binding sites available for the gold atom; as a result, not only selenocysteine (SeCys) but probably also cysteines, methionines and histidines. Another study by Gabbiani et al., (219) showed a similar reactivity of TrxR with gold-based compounds Au (I) (auranofin and aurothiomalate), but also Au complexes (III)). They were able to demonstrate a quasi-quantitative binding of TrxR1 with these gold complexes, up to 10 equivalents of gold adduct were formed following the incubation of TrxR1 in the presence of these complexes in excess, thus confirming the presence of multiple sites of interactions accessible on the protein other than SeCys.

Figure 38

 38 Figure 38 MS/MS spectrum of the molecular ion [peptide + Au]+ generated by neutral loss of triethylphosphine from the adduct [peptide + Au(PEt3)]+) peptide = AGCVGAGLIK (217)The C-terminal dodecapeptide of thioredoxin reductase containing the characteristic -Gly-Cys-SeCys-Gly metal-binding motif was found able to trigger gold(III)-to-gold(I) reduction of Au2phen, AuL12, and Aubipyc; the main adduct formed corresponded to the binding of a gold(I) ion to the peptide (Figure40)(339). The different coordination sites demonstrated by the further studies are as follows, thiols, selenols, and to a lesser extent, histidines.

Figure 39 Figure 40

 3940 Figure 39 ESI-MS spectrum of the synthetic dodecapeptide Ac-SGGDILQSGCUG-NH2 incubated with auranofin, acquired in negative ion mode (223)

For

  this purpose, we have decided to use, as a model, the selenium analogue ([Se-Se]-AVP, Figure 41a) of the hormone vasopressin (AVP, Figure 41b, a nonapeptide cyclized by two cysteine residues, best known for its antidiuretic and vasopressor actions (340). [Se-Se]-AVP, in which both AVP Cys residues have been replaced by selenocysteine (SeCys) residues, is characterized by an internal Se-Se bridge and retains full affinity of the AVP towards the vasopressin receptor (341).

Figure 41

 41 Figure 41 Chemical structure of a) vasopressin and b) selenovasopressin

Figure 45 .
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 45 Figure 45 Dual-HPLC system coupled with ICP-MS A. DI-HPLC-ICP-MS, B. Split and capillary system used to connect the column with UV, ICP and dilution HPLC and fraction collector

Figure 47 SPE

 47 Figure 47 SPE system used for SELENOP
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 48 Figure 48 Spectrophotometer SPECTROstarnano 8.6.3. Characterisation of selenoprotein P Polyacrylamide gel electrophoresis The samples were dissolved (v/v) in a loading buffer containing 50mM of Trizma base (pH 7.5), 100 mM DTT, 2% (w/v) of SDS, 10% (v/v) of glycerol, 0.1% (w/v) of blue of bromophenol. A 5-μL aliquot of each sample was loaded on the precast gel Criterion TM TGX TM 8-16% in each side of the gel a protein
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 4950 Figure 49 Chromatogram of the initial SELENOP purification method using fraction collection
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 51 Figure 51 Comparative experiment of the effect of temperature in the binding of SELENOP with IMAC stationary phase (red curve 4°C, blue curve 20°C)
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 52 Figure 52 Chromatogram of IMAC purification (Phase IMAC Sepharose, Mobile phase (A :0.5M ammonium acetate, C: 0.5M ammonium acetate) Gradient described in red correspond to the percentage of C with UV 254nm
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 53 Figure 53 Chromatogram of repurification of SELENOP (Phase Heparin, Mobile phase (D :0.1M ammonium acetate, E: 1.5M ammonium acetate) Gradient described in red correspond to the percentage of E with UV 254nm
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 54 Figure[START_REF] Boschi-Muller | Substituting selenocysteine for active site cysteine 149 of phosphorylating glyceraldehyde 3-phosphate dehydrogenase reveals a peroxidase activity[END_REF] Effect of pH on the SELENOP retention by heparin (Blue curve pH 7, Red curve pH5.8) 
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 55 Figure[START_REF] Ding | Biochemical characterization of seleniumcontaining catalytic antibody as a cytosolic glutathione peroxidase mimic[END_REF] Chromatogram obtain using SuperdexTM 75kDa PC3.2/300 GL with 0.1 M ammonium acetate pH 7 of SELENOP( blue) and Gpx (red) at respcectively 77 ppb and 0.17 ppb of selenium

Figure 56 7 Figure 57

 56757 Figure 56 Chromatogram obtain using SEC Acquity UPLC BEH 125 Gold with 0.1 M ammonium acetate pH 7

Figure 59 ,

 59 the presence of 5 peptides was observed. The extracted ion chromatograms (XICs) show that the peptide concentrations were low. Most of the peptides presented in table19 row 2-5 diverge from the theoretical mass with a difference of around 114.043 corresponding to carbamidomethylation (CAM) of SeCys and Cys. For entry table 19 row 1, the mass difference was 772.0092. This mass corresponds to the carbamidomethylation of SeCys but also the O-glycosylation of Thr with a mass of 656.132. This mass corresponded to the O-glycosylation N-acetylneuraminic acid, N-Acetylneuraminic acid galactose, N-acetylgalactosamine presented in Figure 58. This structure of glycosylation was elucidated by successive loss of 291.095 (N-Acetylneuraminic acid galactose (NeuNAcGal)), 162.053 (N-acetylneuraminic acid (NeuNAc)) and 203.079 (N-acetylgalactosamine (GalNAc)) corresponding to the fragmentation of 772.009 mass difference (Figure 60).

Figure 58 Peptide

 58 Figure 58 Peptide LPPAAUQISQQLIPTEASASUR with the site of post-translational modification

Figure 63 A

 63 Figure 63 A. LC-MS chromatogram of α-2-macroglobulin digested with trypsin 1/50 with nanoC18 column, B. XIC of α-2-macroglobulin peptide, C. MS spectrum of peak at tR = 70.47 min, D. MS spectrum of peak at tR = 84.20 min, E. MS spectrum of peak at tR = 91.31 min

Figure 72 .Figure 70

 7270 Figure 70 Theoretical isotopic profile of peptide containing S-Se-Pt moiety

Figure 73

 73 Figure 73 Selenoprotein P peptide displaying a metallodrug (auranofin or cisplatin) adduct and the MS/MS fragmentation of the peptide used to determine the binding site

  Figure 74 LC-MS of unreacted AVP. (A) TIC, (B) MS spectrum of peak at tR= 3.73 min

Figure 76 MS

 76 Figure 76 MS isotopic pattern of the unreacted [Se-Se]-AVP for mono-(m/z =1180.3310) and di-(m/z=590.6702) charged ion 12.4. Reaction of auranofin with reduced peptides (thiol or selenol)

  Figure 82 LC-MS of [Se-Se]-AVP incubated overnight at 70 °C. (A) TIC. (B) MS spectrum of peak at tR = 3.71 minutes. (C) MS spectrum of peak at tR = 4.02 minutes. (D) MS spectrum of peak at tR = 4.13 minutes
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Table 1

 1 Chemical and physical properties of selenium.

	Property	Value
	Relative atomic mass	78.96
	Atomic number	34
	Atomic	

radius (in pm, emp.) 115 Covalent radius (in pm, emp.) 116 Van der Waals radius (in pm) 190 Ion radius (Pauling) ox state (VI), (-II) (in pm) 42, 198 Bond length of selenide (in pm) 232 Bond length of carbon-selenium (in pm) 196 Molecular volume (in cm 3 ) 16.42 Diatomic bond energies (in kJ.mol -1 )

  

		332.6 (Se-Se), 314.5 (Se-H), 590.4 (Se-C)
	Homolytic bond cleavage energies (in	334.9 (H-Se-H), 234 (CH3-Se-CH3), 197.6 (CH3-Se-
	kJ.mol -1 )	Se-CH3)
	Electron affinity (in kJ.mol -1 )	195
	Ionization energies (in kJ.mol -1 )	914 (1 st ), 2045 (2 nd ), 2973.7 (3 rd )
	Polarizability (in Å)	3.8
	Pauling electronegativity	2.55
	pKa	5.24
	Melting point	217 °C
	Boiling point	684.8 °C
	Electronegativity	2.48
	Electronic structure	[Ar]3d 10 4s²4p 4
	Oxidation state	-2, 0, +2, +4, +6

Table 2

 2 Isotopic abondance of selenium

	Isotope	Atomic mass	Natural abundance (%)	Relative abundance (compared to 80 Se)
	74 Se	73.92247	0.89	1.8
	76 Se	75.91921	9.4	19
	77 Se	76.91991	7.6	15
	78 Se	77.91731	24	48
	80 Se	79.91651	50	100
	82 Se	81.91669	8.7	18

  DES INTERACTIONS DE LA SELENOPROTEINE P ET DE LA VASSOPRESSINE DISELENIEE EN PRESENCE D'AURANOFINE ET DE CISPLATINE Jérémy LAMARCHE -16 décembre 2021

-29 -

  ETUDE DES INTERACTIONS DE LA SELENOPROTEINE P ET DE LA VASSOPRESSINE DISELENIEE EN PRESENCE D'AURANOFINE ET DE CISPLATINE Jérémy LAMARCHE -16 décembre 2021

-35 -

Table 3

 3 Humans selenoproteins

	Selenoprotein	Number of amino acids	SeCys residue position
	15kDA	162	93
	DIO1	249	126
	DIO2	265	133
	DIO3	278	144
	GPx1	201	47
	GPx2	190	40
	GPx3	226	73
	GPx4	197	73
	GPx6	221	73
	SELENOH	122	44
	SELENOI	397	387
	SELENOK	94	92
	SELENOM	145	48
	SELENON	556	428
	SELENOO	669	667
	SELENOP	381	59, 300, 318, 330, 345, 352, 367, 369, 376, 378
	SELENOS	189	188
	SPS2	448	60
	SELENOT	182	36
	TrxR1	499	498
	TrxR2	655	656
	TrxR3	523	522
	SELENOV	346	273
	SELENOW	87	13
	MsrB(X/R)	116	95

(TrxR : thioredoxine reductase, DIO : Iodothyronine deiodinase, Gpx :glutathione peroxydase MsrB (X/R) : Selenoprotein X ou methionine-R-sulfoxyde reductase)

table ,

 , 
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	which results in unconventional relativistic effects and,
	ultimately, in the highest electronegativity, electron affinity and redox potential among all metals (163).
	Numerous studies show that gold complexes have antiproliferative and proapoptotic properties. They
	also reduce tumour mass in platinum-resistant cancers and have lower toxicity, especially for the kidneys
	(164-167). The anticancer activity of gold complexes is not used in clinics, although some research
	shows that they may have inhibiting activity towards enzymatic protein complexes like thioredoxin
	(Trx)/thioredoxin reductase (TrxR); they may also inhibit proteasome activity -a mechanism linked
	with carcinogenesis (167-171). It was proven that auranofin in human ovarian cancer cell lines induces
	apoptosis by inhibition of thioredoxin reductase; it was also proven on cisplatin-resistant cell lines (165,
	-45 -

Table 4

 4 

	Gold based metallodrug	Type of binding	Main findings	Ref
	Auranofin,		Mechanistic experiments	
	Chloro(triethylphosphine)gold,		indicates that inhibition of	
	[N-(N′,N′-dimethylaminoethyl)-1,8-	Cys-Au	thioredoxin reductase is based on	(217)
	naphthalimide-4-		the covalent binding of gold	
	sulfide](triethylphosphine)gold(I)		triethylphosphine fragment	
			Au (I)-thiourea complexes form	
			strong bonds which inhibit TrxR	
	Au(I)-thiourea	SeCys-Au, SeCys-Cys	activity with one of the highest reported capacities and show	(218)
			suppression of cellular reductase	
			activity.	
			Different Au (I) and Au(III)	
	Auranofin, Au(III) and Au(I) complexes	His-Au SeCys-Au	compounds are found to be potent metallation sites were observed TrxR inhibitor. Multiple	(219)
			on TrxR.	
			Auranofin reacts with the active	
			selenol functions of reduced TrxR	
	Auranofin	SeCys-Au		

Summary of studies on the interactions between full length thioredoxin reductase and (potential) gold-based metallodrugs

Table 6

 6 Advantages and limitation of the various mass analysers (https://www.shimadzu.com/an/service-support/technicalsupport/analysis-basics/fundamental/mass_analyzers.html)

	Mass Analyzer	Description	Advantages	Limitations
	Magnetic Sector	Scanning continuous	High resolution High dynamic range High reproducibility High sensitivity	Expensive and bulky Slow scan speed High vacuum required Difficult to couple with pulsed ionization techniques and LC
			Compact and simple	
			Relatively cheap	
	Quadrupole	Scanning Mass Filter Continuous	Good selectivity Moderate vacuum required	Limited mass range Low resolution Little qualitative information
			Well suited for	
			coupling to LC	
			High sensitivity and ion	
	Time-of-flight	Non-scanning Pulsed	transmission High resolution Excellent mass range	Required pulsed introduction to Ms Requires fast data acquisition
			Fast scan speed	

Table 7 .
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Se (7.63% abundance) or 82 Se (8.73%). However, spectral interferences are not removed by HPLC techniques, so a different technique is used to remove them, all Se spectral interferences with each Se isotope are summarized in -58 -

Table 7

 7 Spectral interferences and detection limit of Se Ar 36 Ar + , 37 Cl2 + , 40 Ar 34 S + 76 Se 40 Ar 36 Ar + , 40 Ar 36 S + , 31 P2 14 N + 77 Se 40 Ar 36 ArH + , 38 Ar2H + , 40 Ar 37 Cl + 78 Se 40 Ar 38 Ar + , 31 P2 16 O + 80 Se 40 Ar2 + , 79 BrH + 82 Se 40 Ar2H2 + , 12 C 35 Cl2 + , 34 S 16 O3 + , 81 Br +

	Element	Number of isotopes	Polyatomic interferences
		74 Se	38
	Se		

  Hyphenated techniques based on the coupling chromatographic separation techniques with dual ICP-MS and ESI MS detection have become a gold standard for selenium speciation analysis and the analysis of selenium metal covalent modifications. Both detection techniques provide complementary information as detailed in Figure27. ESI-MS is used for molecular and structural identification using ionised proteins fragments or peptides at low energy. On the contrary, ICP-MS, is an elemental technique which allows the detection of Se and its isotopes in precision without any info of the structure of the peptide nor the proteins.These two techniques are used in coupling with HPLC systems for species separation before identification and detection and together are efficient in quantification and identification of species of interest based on the isotopic signal in ICP MS and complementarity of information provided by ESI MS.
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	4.3.4. Hyphenated techniques with dual inductively coupled plasma mass
	spectrometry and electrospray ionisation tandem mass
	spectrometry detection
	-64 -

Table 8

 8 List of selenopeptides used for the SELENOP mass spectrometry identification on the basis of a partial sequence

	Matrix	SELENOP Specific Sequence with SeCys Detected	Identified Isoform	Ref.
	Rat plasma	28 GTVTVVALLQASUYLCLLQASRLE 51 239 QGHLESUDMGASEGLQLSLAQR 260 252 GLQLSLAQRKLURRGCINQLLCKLSEE 278 348 ASPNUSUNNKTKKUKUNLN 366 333 SPPAAUHSQHVSPTEASPNUSUNNK 357 298 SGSAITUQCAENLPSLCSUQGLFAEEK 324	4 Isoforms: 50 kDa (full length) 36 kDa (terminated at 244) 38 kDa (terminated at 262) 49 kDa (terminated at 351)	(141)
	Rat plasma	28 GTVTVVALLQASUYLCLLQASR 49 328 SCQCRSPPAAUHSQHVSPTE 347	1 Isoform terminated at 244	(145)
	Rat plasma	298 SGSAITUQCAENLPSLCSUQGLFAEEK 324	n.d	(305)
	Human plasma	322 ENLPSLCUQGLR 334 335 AEENITESCQUR 346	n.d	(288)
	Human plasma	312 TGSAITUQCK 321 322 ENLPSLCSUQGLR 334 335 AEENITTESCQUR 346	3 Isoforms: 57 kDa (n.d) 45 kDa (terminated at 299) 49 kDa (n.d)	(271)
	Human breast milk	312 TGSAITUQCKENLPSLCSUQGLR 334 370 NQAKKUEUPSNC 382	n.d	(286)

(Peptides with the same sequence are highlighted in colors)
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Table 9 Commercial reagent used Species Chemical formula or species Provider Location Auranofin

 9 

Sigma-Aldrich Saint-Louis, Missouri, USA

Cisplatine

Sigma-Aldrich Saint-Louis, Missouri, USA Vasopressin Eurogentec Seraing, Belgique

Table 10 :

 10 Chemicals used

Table 13 ICP

 13 -MS operating conditions

	Cones	Nickel	Platinum
	Plasma generator power	1550 W	1550 W
	Plasma gas flow rate	1 L/min	0.64 L/min
	Reaction gas (H2) rate	4.5 mL/min	4.5 mL/min
	Optional gas (O2)	0%	7.5%
	Extraction lenses voltage	4V	4 V
	Focusing lenses voltage	-180 V	-180 V
	Quadrupole focus	-10 V	-10 V
	Octopole bias	-18 V	-18 V
	Quadrupole bias	-15 V	-15 V

Figure 43 ESI-MS Orbitrap LUMOS Fusion A) with UPLC and B) TriVersa Nanomate and nanoUPLC

Table 14 ESI

 14 
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-MS LUMOS operating parameters

Polarization mode (V)

Positive (1800)

transfer tube temperature (°C) 275 Max injection time (ms) 50 RF Lens (%) 30 Chip SOFT Spraying voltage (kV)

  

	1.8

Figure 44 ESI-MS Orbitrap LUMOS Fusion with UPLC

Table 15 ESI

 15 

	Polarization mode	Positive
	Resolution	140000
	AGC	3.0e 6
	Scan range	300-2000
	Detector type	Orbitrap
	Activation type	CID
	Isolation mode	Quadrupole
	Max injection time (ms)	500
	RF Lens (%)	30
	Spraying voltage (kV)	3.8
	Both ESI-MS instruments were calibrated weekly using a Pierce LTQ Velos ESI Positive Ion
	Calibration solution.	

-MS Q Exactive operating parameters

  TM 

  ETUDE DES INTERACTIONS DE LA SELENOPROTEINE P ET DE LA VASSOPRESSINE DISELENIEE EN PRESENCE D'AURANOFINE ET DE CISPLATINE Jérémy LAMARCHE -16 décembre 2021 ladder from Precision Plus Protein TM Dual Color Standards from Bio-rad (Hercule, California, USA)

TGX TM 8-16% in each side of the gel a protein
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Table 16

 16 Parameters used to increase the efficiency and recovery of IMAC chromatography

	Parameters	Threshold	Results (fixed parameter)
	Sample Amount	0.5-15mL	7.5mL of serum for each experiment.
	Stationary phase amount (column size)	5-50mL	25mL of stationary phase.
	Temperature	4-20°C	20°C.
	Metal concentration	0.1-1 M Co 2+	0.1 M of Co 2+
	Pre-column cleaning	With/Without Imidazole solution	without cleaning the non-bind Co 2+
	Type of stationary phase	IMAC Fast Flow/ Sepharose Fast flow	Sepharose Fast flow
	Pre-filtration of Serum	With/Without	no filtration was made.
	Dilution of sample prior analysis	From x2 to x10	x2 dilution.

Table 17

 17 

		Ultracentrifugation filter use for cut-off procedure	
	Type of cut-off filter	Size (MWCO)	Filter materials	Company, location
				Sigma-Aldrich,
	Amicon® Ultra	10K	Regenerated cellulose	Saint-Louis, Missouri,
				USA
				Sigma-Aldrich,
	Amicon® Ultra 15	30K	Regenerated cellulose	Saint-Louis, Missouri,
				USA
				Sigma-Aldrich,
	Amicon® Ultra 0.5	100K	Regenerated cellulose	Saint-Louis, Missouri,
				USA
	Vivaspin 20	10K	HY	Sartorius, Aubagne, France
	Vivaspin 20	10K	PES	Sartorius, Aubagne, France
	Vivacon 500	30K	HY	Sartorius, Aubagne, France
	Vivaspin 500	100K	HY	Sartorius, Aubagne, France

Table 18

 18 Column used to obtain an analytical peak of SELENOP

	Column named	Interaction	Column diameter	Stationary phase	Particule size	Porosity
	Superdex TM 75kDa PC3.2/300 GL	Pore size	30cm x 3.2 mm	Composite of cross-dextran linked agarose and	9 µm	
	SEC Acquity UPLC BEH 125 SEC Gold Column	Pore size	4.6 mm x 3.0mm	BEH	1.7 µm	125 Å
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Table 19 Observed

 19 MS products obtain by LC-ESI-MS analysis in positive mode of SELENOP

	Entry, nº	Peptide	Theoretical peptide mass with PTMs	Experimental mass	Observed ions, m/z
					1050.7737
	1	LPPAAUQISQQLIPTEASASUR	3150.1932	3152.3212	(z=3) 1050.7753
					(z=3)
					1147.8073
	2	DQDPMLNSNGSVTVVALLQASUYLCILQASK	3443.5958	3443.4220	(z=3) 1147.8048
					(z=3)
					791.3326
	3	ENLPSLCSUQGLR	1581.6463	1582.6652	(z=2) 791.3333
					(z=2)
	4	AEENITESCQUR	1544.5419	1545.5609	772.7804 (z=2)
	5	TGSAITUQCK	1173.0704	1174.4542	587.2271 (z=2)

Table 20 Observed

 20 MS products obtain by LC-ESI-MS analysis in positive mode of α-2-macroglobulin

	Entry, nº	Peptide	Theoretical peptide mass	Experimental mass	Observed ions, m/z
					1090.23272
					(z=3)
	1	HNVYINGITYTPVSSTNEKDMYSFLEDMGLK 3566.68180	3567.7116	1090.23455
					(z=3)
					1275.04760
	2	VYDYYETDEFAIAEYNAPCSK	2544.06456	2545.0952	(z=2) 1275.04896
					(z=2)
					1056.86096
	3	YNILPEKEEFPFALGVQTLPQTCDEPK	3169.54213	3170.58288	(z=3) 1055.52917
					(z=3)

Table 21

 21 Protein content obtained using commercial kit DTCm Protein assay kit (* concentration of selenium was calculated considering that MW of SELENOP = 43174 and that SELENOP is containing 10 SeCys)

	Sample (n= number of replicate)	Concentration in g/L	RSD (%)	Concentration of selenium in ng (Se)/mL*	LD (g/L)	LQ (g/L)	R 2
	A (n=3)	0.69 (±0.004)	0.5	13x10 3 (±73)			
	B (n=3) C (n=3)	0.69 (±0.006) 0.60 (±0.021)	1 3	13x10 3 (±109) 11x10 3 (±384)	0.44	2.7	0.1554
	Total (n=9)	0.66 (±0.047)	7	12x10 2 (±859)			

  Se isotope

	Sample (n= number of replicate)	Concentration of selenium in ng (Se)/mL	RSD (%)	LD (ng (Se)/mL)	LQ (ng (Se)/mL)
	Serum (n=6)	67.32 (±3.68)	5		
	Elution peak 1 of IMAC (n=3)	4 (±1.1)	26		
	Elution peak 2 of IMAC (SELENOP) (n=7)	3 (± 0.4)	13	0.04	0.25
	Elution peak of Heparin (SELENOP) (n=6)	4 (± 0.8)	20		
	SELENOP post SPE C4 (n=2)	77 (± 6.2)	7		

  Se isotope

	Sample (n= number of	Mass of	Recovery from	Recovery from	Recovery from
	replicate)	selenium (ng)	serum (%)	IMAC (%)	Heparin (%)
	Serum (n=6)	448			
	Elution peak 1 of IMAC (n=3)	239	53		
	Elution peak 2 of IMAC (SELENOP) (n=7)	155	35		
	Elution peak of Heparin (SELENOP) (n=6)	99	24	71	
	SELENOP post SPE (n=2)	10	3	10	14

Table 24 Observed

 24 MS of SELENOP peptides interacting with gold (Red data are not supported by MS/MS characterisation)

	Peptide sequence	Theoretical peptide mass	Experimental mass	Modification observed	Observed ion, m/z
	MWRSLGLALALCLLPSGGTESQDQSSLCK	3379.6664	3379.65772	+315.14 AuPEt3 (C1)	676.7367 (z= 5)
	RCINQLLC	1592.771	1591.76556	+315.14 AuPEt3 (C1, C2)	531.5852 (z=3)
	PYVEEAIKIAYCEKK	2099.0683	2099.08248	+315.14 AuPEt3 (C1)	700.69416 (z=3)
	NQLLCKLPTDSELAPR	2113.0927	2113.10865	+315.14 AuPEt3 (C1)	705.36955 (z=3)
				+15.99	
	MWRSLGLALALCLLPSGGT	2290.1954	2290.22128	Oxidation on M1 +315.14	573.55532 (z=4)
				AuPEt3 (C1)	
	TTLKDEDFCK	1514.7012	1515.7063	+315.14 AuPEt3 (C1)	757.85315 (z=2)
	TTLKDEDFCKR	1670.8023	1671.80664	+315.14 AuPEt3 (C1)	835.90332 (z=2)

Table 24 (rows 2,3,4,5,6 and 7) demonstrates

 24 the formation of AuPEt 3 + adduct (+315.14 uma) potentially corresponding to the binding of Au(I) to Cys. Unfortunately, without more accurate MS/MS data, the mass shift alone is not sufficient to confirm the metal-peptide binding site (MS spectrum are presented in Annexe

1 Figures 1 to 6).
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Figure 68 A. TIC, B. XIC, C. MS, D. 

peptide sequence and E. MS/MS spectrum of

MWRSLGLALALCLLPSGGTESQDQSSLCK at m/z 676.7367 (z=5) 

Table 25 Observed

 25 MS peptide obtain by LC-ESI-MS analysis in positive mode (Red data are data without correct MS/MS validation)

	Peptide sequence	Theoretical peptide mass	Experimental mass	Modification observed	Observed ion m/z
	LPPAAUQISQQLIPTEASASURUKNQAK	4103.5734	4103.61838	+315.14x 3 AuPEt3 (U1/U2/U3) +58 ACN/OH -	1368.8786 (z=3)
				adduct	
				+315.14x2 AuPEt3	
	PMLNSNGSVTVVALLQASUYLCILQASK	3952.8734	3953.7744	(U1 and C1) +315.14 AuPEt3	988.44360 (z=4)
				(M1)	
				+315.14 AuPEt3 (U1	
				or C1)	
				+ 83 ACN adducts	
				+656.227615 O-	
	LQASUYLCILQASKLEDLRVK	3492.594615	3492.5284	glycosylation N-acetylneuraminic acid, N-	698.50568 (z=5)
				Acetylneuraminic	
				acid galactose, N-	
				acetylgalactosamine	
				(S1 or S2)	
				+315.14x2 AuPEt3	
				(U1 or C1, C2 orU2)	
				+ 198.03 Au + (U1 or	
				C1, C2 orU2)	
				+656.227615 O-	
	TGSAITUQCKENLPSLCSUQGLRA	4061.57696	4061.77516	glycosylation N-acetylneuraminic acid, N-	1016.44379 (z=4)
				Acetylneuraminic	
				acid galactose, N-	
				acetylgalactosamine	
				(T1 or T2, S1 or S2	
				or S3)	

Table 25

 25 ETUDE DES INTERACTIONS DE LA SELENOPROTEINE P ET DE LA VASSOPRESSINE DISELENIEE EN PRESENCE D'AURANOFINE ET DE CISPLATINE Jérémy LAMARCHE -16 décembre 2021

	(rows 2,3,4) demonstrate the formation of AuPEt3 + adducts (+315.14 uma) potentially
	correspond to the binding of Au(I) to SeCys. Unfortunately, without more accurate MS/MS data, the

mass shift alone is not sufficient to confirm the metal-peptide binding site (MS/MS spectrum are presented in Annexe 1 Figures

7 to 9

).

-141 -Figure 69 A. TIC, B. XIC, C. MS, D. peptide sequence and E. MS/MS spectrum of LPPAAUQISQQLIPTEASASURUKNQAK at m/z

1368.8786 (z=3) 

Table 26 Observed

 26 MS peptide obtain by LC-ESI-MS analysis in positive mode

	Peptide sequence	Theoretical peptide mass	Experimental mass	Modification observed	Observed ion m/z
				+83 ACN adducts	
				+261.97 Cisplatin x	
				3	
				(C1, C2, C3)	
				+947.32029 O-	
	AYCEKKCGNCSLTTLK	3575.8332	3575.99073	glycosylation N-acetylneuraminic	716.20437 (z=5)
				acid, N-	
				Acetylneuraminic	
				acid galactose, 2 N-	
				acetylgalactosamine	
				(S1)	
				+261.97x2 Cisplatin	
				(U1, U2)	
				+656.227615 O-	
				glycosylation N-	
				acetylneuraminic	
	TUQCKENLPSLUSCQGLRAEENITESCQUR	4734.442015	4736.37464	acid, N-Acetylneuraminic	948.68207 (z=5)
				acid galactose, N-	
				acetylgalactosamine	
				(T2)	
				+64 ACN/Na +	
				adduct	
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	Figure 72 A. TIC, B. XIC, C. MS, D. peptide sequence and E. MS/MS spectrum of
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-144 -Figure 71 A. TIC, B. XIC, C. MS, D. peptide sequence and E. MS/MS spectrum of AYCEKKCGNCSLTTLK at m/z

716.20437 (z=5) 
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Annex 3 Poster: An integrated LC-ICP-MS and LC-ESI-MS approach for the characterization of purified selenoprotein P

Figure 36 MALDI mass spectrometry of TrxR1 reduced by NADPH and incubated with terpyridine-platinum complex, tpt mean TP-Pt(II) (337)

-87 -Figure 37 Peptide mass of TrxR-arsenic by MALDI mass spectrometry (294)

Figure 62 A. LC-MS chromatogram of α-2-macroglobulin digested with trypsin 1/50 with C18 column, B. XIC of α-2-macroglobulin peptide, C. MS spectrum of peak at tR = 20.84 min, D. MS spectrum of peak at tR = 22.98 min, E. MS spectrum of peak at tR = 23.63 min

-138 -Figure 67 Theoretical isotopic profile of peptide containing S-Se moiety

Figure 77 LC-MS of reduced [Se-Se]-AVP. (A) TIC. (B) MS spectrum of peak at tR = 4.16 min. (C) MS spectrum of peak at tR = 4.20 min.

Figure 78 LC-MS of reduced [Se-Se]-AVP. (A) MS spectrum of peak at tR = 4.16 min. (B) MS spectrum of peak at tR = 4.20 min.

Figure 79 MS/MS of reduced [Se-Se]-AVP at m/z= 1085 (z=1). Principal fragments at HCD = 30.

Figure 80 MS/MS of reduced [Se-Se]-AVP at m/z=1101.3960 (z=1). Principal fragments at HCD = 30

Figure 81 MS/MS of reduced [Se-Se]-AVP at m/z=1101.3960 (z=1). Principal fragments at HCD = 35

Figure 83 LC-MS of reduced AVP incubated with AF overnight at 37 °C. (A) TIC. (B) MS spectrum of peak at tR = 3.72 minutes. (C) MS spectrum of peak at tR = 3.97 minutes.

Figure 84 LC-MS of reduced AVP incubated with Et3PAuCl overnight at 37 °C. (A) TIC. (B) MS spectrum of peak at tR = 3.72 minutes. (C) MS spectrum of peak at tR = 3.97 minutes. (D) MS spectrum of peak at tR = 4.35 minutes

-219 -Annex 1 Figure 10 LC-MS of reduced AVP. (A) TIC. (B) MS spectrum of peak at tR = 3.67 minutes.

Annex 1 Figure 11 LC-MS of AVP incubated with Et3PAuCl overnight at 70 °C. (A) TIC. (B) MS spectrum of peak at tR = 3.7 minutes. (C) MS spectrum of peak at tR = 4.56 minutes. (D) MS spectrum of peak at tR = 5.56 minutes. The dark part corresponds to the elution of Et3PAuCl.

Annex 1 Figure 12 LC-MS of AVP incubated with Et3PAuBr overnight at 70 °C. (A) TIC. (B) MS spectrum of peak at tR = 3.69 minutes. (C) MS spectrum of peak at tR = 4.55 minutes. (D) MS spectrum of peak at tR = 5.53 minutes. The dark part corresponds to the elution of Et3PAuBr.

Annex 1 Figure 13 LC-MS of AVP incubated with Et3PAuI overnight at 70 °C. (A) TIC. (B) MS spectrum of peak at tR = 3.69 minutes. (C) MS spectrum of peak at tR = 3.96 minutes. (D) MS spectrum of peak at tR = 4.56 minutes. The dark part corresponds to the elution of Et3PAuI.

Annex 1 Figure 14 LC-MS of AVP incubated with [Au(PEt3)2]Cl overnight at 70 °C. (A) TIC. (B) MS spectrum of peak at tR = 3.96 minutes. (C) MS spectrum of peak at tR = 4.47 minutes. (D) MS spectrum of peak at tR = 4.60 minutes. The dark part corresponds to the elution of [Au(PEt3)2]Cl.

Annex 1 Figure 15 LC-MS of [Se-Se]-AVP incubated with Et3PAuCl overnight at 70 °C. (A) TIC. (B) MS spectrum of peak at tR = 4.62 minutes. (C) MS spectrum of peak at tR = 5.55 minutes.The dark part corresponds to the elution of Et3PAuCl.

Annex 1 Figure 16 LC-MS of [Se-Se]-AVP incubated with Et3PAuBr overnight at 70 °C. (A) TIC. (B) MS spectrum of peak at tR = 4.62 minutes. (C) MS spectrum of peak at tR = 5.54 minutes.The dark part corresponds to the elution of Et3PAuBr.

Annex 1 Figure 17 LC-MS of [Se-Se]-AVP incubated with Et3PAuI overnight at 70 °C. (A) TIC. (B) MS spectrum of peak at tR = 4.62 minutes. (C) MS spectrum of peak at tR = 5.54 minutes. The dark part corresponds to the elution of Et3PAuI.

Annex 1 Figure 18 LC-MS of [Se-Se]-AVP incubated with [Au(PEt3)2]Cl overnight at 70 °C. (A) TIC. (B) MS spectrum of peak at tR = 4.58 minutes. (C) MS spectrum of peak at tR = 5.52 minutes. The dark part corresponds to the elution of [Au(PEt3)2]Cl
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IMAC buffers:

• Buffer A: 0.5 M ammonium acetate pH 7.

• Pre-buffer: 0.5 M ammonium acetate + Formic acid pH 4. 

Chromatographic ICP MS buffers:

• Buffer SEC: 25-100 mM ammonium acetate pH 7

• Buffer MonoQ: A: 20 mM Trizmabase; B: 20 mM Trizmabase, 250 mM NH4Cl pH 7.5

Chromatographic ESI-MS buffers:

• A: H2O 0.1% formic acid For MS characterization of vasopressin, selenovasopressin with auranofin:

• A UPLC Dionex Ultimate 3000 RS (ThermoFischer Scientific) was used with C18 Acclaim TM 120 HPLC operating conditions for all the columns used during the thesis are presented in Table 12.

Inductively coupled plasma mass spectrometry

The ICP MS instrument used and illustrated in Figure 42 was Agilent Model 7700s (Agilent, Tokyo, Japan) equipped with a collision cell with hydrogen as collision gas, to reduce the spectral interferences.

The ICP system consisted of a 50 mL/min micro-mist U nebulizer (Glass Expansion, Friedenbachstrasse, Germany), a Scott type spray chamber, a 1 mm i.d. injector torch (Agilent, Tokyo, Japan), and a set of nickel cones (sampler and skimmer cones) for total analysis and platinum cones in the case of coupling with HPLC where organic solvents were used. The experimental parameters, such as plasma power, torch position, the voltage on extraction and focusing lenses were optimized every day by using a tune solution containing 1 μg/L each of Li, Mg, Y, Ce, Tl and Co in 2% HNO3. Typical operating conditions are given in Table 13. .......................................................................................................................................... 133 Table Selenium content obtained using ICP-MS and by following 76 Se, 77 Se, 78 Se, 80 Se, 82 Se isotope ........................................................................................................................................................... 133 Table Selenium recovery obtained using ICP-MS and by following 76 Se, 77 Se, 78 Se, 80 Se, 82 Se isotope ........................................................................................................................................................... 134 

List of Tables

Scientific production

Articles :

Main subject: