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Introduction

The development of civil and military nuclear industries over the past half a century is linked to geostrategic and geopolitical issues, namely energy production, defense and non-proliferation. This raises multiple questions regarding safety, general impact to the biosphere, and even more generally public perception about the use of nuclear energy. In the case of a nuclear event such as the latest Fukushima accident, critical questions of public health are put on center stage. Because such a disaster may trigger an accidental or chronic release of radionuclides on the earth's surface, [START_REF] Koo | [END_REF] it brings to the forefront general questions regarding toxicology, whether direct or indirect through the environment. Through the channels of air and water, radionuclides may be transferred to animals, plants, the soil and humans. [START_REF]Management of Persons Contaminated with Radionuclides Handbook: Recommendations of the National Council on Radiation Protection and Measurements[END_REF] However, understanding the toxico-kinetics and dynamics of those radionuclides in living organisms has presented a major scientific challenge. This is because actinides, (mostly alpha emitting elements) which do not have any known biological function, may cause chemical toxicity, and due to the high energy of alpha particles, are also capable of producing high local radiation damage. There have been many studies about the uptake and bio-kinetic aspects of actinides in animal and human bodies, delineating how uptake impairs the bio-component structure and function. [START_REF] Durbin | The Chemistry of the Actinide and Transactinide Elements[END_REF] A major knowledge gap, however, exists due to the lack of information on metal, namely actinide, binding in complexes formed in the transportation path and accumulation destination. [START_REF] Ansoborlo | [END_REF] As the stereochemistry of the metal coordination sphere is directly correlated with protein activity, in the interest of assessing exposure risks, it is important that exact bonding details with biocomponents, in particular proteins, be thoroughly studied. This information contribute to shift from descriptive approaches to predictive toxicology, and in turn, can form the basis for designing decorporating agents selective for actinides. [START_REF] Abergel | Metal Chelation in Medicine[END_REF] Proteins are key biomoleculescomposed of many chemical functional entities (amino acids), with carboxylate, amides, phosphoryl groups or thiol groups / disulfide bonds. Incorporation of essential elements takes place through complexation with these reactive groups and the substitution of an endogenous metal ion with any other could impair the intended biological function of the proteins. Recently, speciation studies of actinides (An) in complexation with proteins and other biomolecules have been successfully carried out using spectroscopic techniques. [START_REF] Brulfert | [END_REF]7] In studies with actinyl ions (AnO2 + named "An(V)"; AnO2 2+ named "An(VI)" here after, An = U, Np, Pu), the oxocation forms two strong axial actinyl bonds (e.g., in UO2 2+ , O=U=O), while coordinating functional groups populate the equatorial bonding positions. Upon interaction with transferrin and albumin proteins, for instance, U(VI) interacts with both proteins forming ternary complexes with carbonate acting as a synergistic anion. [8,9 ,10 ] The phosphoryl group may also strongly compete with carboxylate groups in coordination with U(VI) cation. In bacterial lipopolysaccharide (LPS) for instance, studied by Extended Xray Absorption Fine Structure (EXAFS) and Infrared (IR) spectroscopies, carboxyl groups were found alongside phosphoryl groups at equimolar ratios of U(VI) and functional groups of LPS. At an excess of LPS, the U(VI) ion was four-fold monodentate coordinated only with phosphoryl groups. [ 11 ] A proteinaceous surface layer (S-layer) of the cells of bacillus sphaericus, found in natural isolate from a uranium mining waste pile, revealed simultaneous bidentate binding to carboxylate groups and monodentate binding to phosphate groups in the EXAFS study. [12] However, in a multi-technique characterization of U(VI) interaction with phosphopeptides, Wu et al., concluded a monodentate coordination of U(VI) ion with both phosphoryl as well as a carboxylate group of phosphorylated pentapeptide. [13] Though there is a near consensus in the literature regarding the bidentate binding of carboxylate and the monodentate binding of phosphate groups with a U(VI) ion, significant variation in binding patterns from system to system does exist. For oviparous species, the highly-phosphorylated proteins of egg yolk are an important energetic reservoir. In all living organisms, the phosphorylation of proteins is a dynamic process that could modify their functionalities. In eukaryotes, this reversible modification plays a key role in cell signaling, gene expression, and differentiation. [14] Protein phosphorylation is also involved in the global control of DNA replication during the cell cycle. [ 15 ] Phosvitin is a proteolytically cleaved product of lipophosphoglycoprotein, vitellogenin. [16] It accounts for 60% of the total egg yolk phosphoproteins and holds nearly 90% of the egg yolk phosphorous. [START_REF] Strixner | Egg proteins[END_REF] More than 55% of the total amino acids of phosvitin are serine and almost all of them are phosphorylated. [START_REF] Clark | [END_REF] Moreover, the phosphoserines are arranged in clusters, forming blocks that can carry up to 15 consecutive residues. [19] Phosvitin has been found to exhibit strong affinity with metal ions, e.g., 115 μg iron per mg of phosvitin under the best binding conditions (95% of the iron in egg is present in the yolk and all of it is bound to phosvitin). [ 20 ] Hegenauer et al. reported clusters of di-o-phosphorylserine residues playing the major role in the iron-chelating activity of phosvitin. [21] EXAFS studies of Fe(III)-phosvitin, in fact, revealed octahedral coordination of iron ions by six light ligand atoms, four of which were oxygen atoms of the serine-bound phosphate groups. [22] More generally, several studies have already provided evidence for the affinity of the proteins phosphate moieties for numerous metal ions: Al(III), Fe (III), Co(II), Mn(II), Ca(II), and Mg(II). [23,24] Additionally, initial experiments on the interaction of U(VI) with phosvitin under acidic conditions have been carried out by means of attenuated total reflection Fourier transform infrared (ATR FT-IR) spectroscopy. [24] The results clearly showed different proportions of carboxyl and phosphoryl groups in the U(VI) complexation as a function of the P:U ratio, which was obtained by different phosvitin concentrations and a constant U(VI) concentration. Also, the understanding of transfer mechanisms of actinide elements from yolk to embryo on a molecular level is necessary to cast further light on the contamination processes from mother to children. For instance, Bourrachot et al. have shown that direct uranium contamination of zebrafish (Danio rerio) by trophic pathways leads to a strong accumulation in female gonads and eggs. [25] They have observed that U(VI) seems to strongly affect the capability of fish to reproduce and to generate viable individuals. Inhibition of egg production and an increased rate of mortality of the embryos have been reported. In zebrafish, the phosvitin protein domain is thought to bind U(VI) because of its highly-phosphorylated sequence. [26,24] But the exact uranium pathways in vivo are still poorly understood. For instance, the exact mechanisms of transfer to the embryo is still under discussion, although it could be explained by its binding to vitellogenin and subsequent penetration into oocyte via the blood system. [25,27] In summary, phosvitin is not only an important iron, calcium, and magnesium storage protein located in the yolks of oviparous species, but it is also an interesting model protein due to its high phosphorylation status, high content of serine residues, and Nlinked sugar residues combined with functional groups, being typical for proteins, such as carboxyl, amino and hydroxyl groups. For this reason, the investigation of the interaction between actinides and phosphorylated proteins like phosvitin is an urgent task for a reliable risk assessment of actinides. In this paper, we report on the interaction of uranyl {U(VI)O2 2+ } and neptunyl {Np(V)O2 + } (from now on named simply U(VI) and Np(V) for clarity) with partially demetalated purified phosvitin. It is intended to identify formed U(VI) and Np(V) species under physiological pH values and cell relevant conditions. To do this, we have employed several spectroscopic techniques, namely, ATR-FTIR, UV-Visible, Time Resolved Laser Induced Fluorescence Spectroscopy (TRLFS) and X-ray Absorption Spectroscopy (XAS) to characterize the actinide speciation. With these results on hyperphosphorylated phosvitin protein, the present study also broadens the scope of molecular mechanisms to phosphorylation-dephosphorylation of proteins which is an important translation step involving various biological processes in the human body. Among the possible in vivo model systems involving phosvitin, eggs from the dogfish (Scyliorhinus canicula) of pre-embryonic stage may be interesting candidates for prospective work because of their long periods of embryonic development, which are characteristic of dogfish species (roughly 7-8 months [28] ) and because of their large size (about 5 cm) and associated large yolk sac. [29] Dogfish eggs were previously investigated by R. A. Jeffree et al. who followed the uptake of six radio-isotopes ( 241 Am, 109 Cd, 57 Co, 134 Cs, 54 Mn and 65 Zn) from seawater. [ 30 ] There are schematically two possible pathways of transfer: maternal transfer during the development of the egg and direct uptake from seawater following its oviposition. [31] The authors have suggested that most of the radioisotopes from seawater do not cross the egg case (the collagen part of the egg) and transfer to eggs occurs mainly within the period of maternal ingestion of radionuclides. In order to add a perspective to the present study with a more realistic in vivo system, we also injected the egg yolk of the living dogfish with U(VI) and Np(V). The preliminary results are presented in the last section.

FT-IR and TRLFS investigation of U(VI)-phosvitin species

The FT-IR spectrum of phosvitin exhibits major absorption bands of the phosvitin protein which can be grouped in the 1700 -1500, 1500 -1300 and 1300 -900 cm -1 wavenumber regions (Figure 1), and can be attributed to amide, carboxylic and phosphoryl groups, respectively (Figure 1S, supporting information). [24,32 ] IR spectra collected on air dried phosvitin sample exhibit systematic spectral change with pH only for the phosphoryl group (Figure 1S, supplementary information) while the shift of the position of amide and carboxylic groups are negligible. Relative intensities of absorption peak at 1651 and 1542 cm -1 , corresponding to amide I and II bands, and are also constant in regard to pH. Compared to the intensity of the amide II peak, that of the amide I peak was observed to be higher in the present study, which contrasts with Li et al. where the two amide peaks have the same intensity. [24] As the intensities of these bands refer to the conformations of the protein, differences may originate in the differences in experimental conditions. Asymmetric stretching frequency of carboxylic groups (1569 cm - 1 ) falls near the amide II peak and was difficult to identify in the case of phosvitin samples. Symmetric stretching of deprotonated carboxylic group appear at 1402 cm -1 , in agreement with literature reports. [7] The bands at 1169, ~ 1086, 929 cm -1 recorded at pH 4.5 corresponds to νas(P-O), νs(P-O) and νs(P-OH), respectively, frequencies of the phosphoryl groups. This band pattern matches with absorption bands of organic phosphate groups at low pH values with C2V symmetry. [33] With increasing pH, bands at 1169 and 999 cm -1 start to appear and become stronger indicating the formation of deprotonated species. Heinrich et al. observed the decrease in intensity of the band at ~ 980 cm -1 associated to the protonation of the phosphomonoester dianion (ROPO3 2-). [34] Thus, from the band pattern, the presence of both mono and dianionic phosphoryl groups of the phosvitin is assessed at near neutral pH (~ 6.5) conditions. With the addition of U(VI) to the free phosvitin, the asymmetric stretching frequency of the oxocation appears at 905 cm -1 in Figure 1, no matter the pH, which matches the observation of Li et al. for the highest P:U ratio of 30:1 (see also the enlarged spectrum of Figure 2S, supplementary information). [24] This represents a shift of ~ 55 cm -1 compared with the absorption maxima of the fully hydrated UO2 2+ ions (961 cm -1 ). [ 35 ] Such a large shift has been reported for U(VI) interactions with phosphoryl groups. [11] On the amide region, the addition of U(VI) did not have any effect on the amide I peak while a small decrease in the intensity on Amide II peak was observed (Figure 1). Conformation changes of the protein and interaction of carboxylic groups with the oxocation may explain this trend. On the other hand, there is no visible change associated with the symmetric stretching frequency of the carboxylate groups at ~ 1402 cm -1 . Denticity of the carboxylic groups with the oxocation has been reportedly found with the difference between asymmetric and symmetric stretching frequencies. [7] This is not visible here. In addition, we could not find a reproducible method of creating the difference absorption spectra owing to the strong amide II band. The phosphoryl groups, on the other hand, show significant spectral changes upon U(VI) addition. νs(P-O) band at 1094 cm -1 undergoes a blue shift to ~ 1086 cm -1 at pH 6.5, but the shift is smaller at pH 5.6. These observations strongly suggest the dominant interaction of U(VI) with the phosphoryl groups of phosvitin protein.

In order to clarify the interaction with U(VI) TRLFS measurements have been recorded at 77 K. Luminescence emission spectra of frozen U(VI)-phosvitin solutions were measured after different incubation times, with various P:U ratio and as function of the pH value. Afterwards, a PARAFAC analysis was performed to separate the individual U(VI)-species in U(VI)-phosvitin system. All parameters (incubation time, P:U ratio and the pH) were analyzed together in one mathematical calculation. The U(VI) speciation in the different U(VI)-phosvitin samples may be completely described by the existence of three various U(VI) species. The distribution of the species is summarized in Figure 2. Extracted emission spectra of individual U(VI) species in the U(VI)-phosvitin system are provided in Figure 3S, supplementary information. Li et al. showed previously that at pH = 4 and at P:U = 30:1 the aqueous U(VI)phosvitin complexes are reflecting an explicit coordination U(VI) to phosphates groups. [24] Under comparable experimental conditions we observed the U(VI)-phosvitin complex (black curve) as the dominating species. With the very high content of phosphoserine as one of the main characteristic of phosvitin, phosphorous ligation is expected and corroborates the IR data. The extracted luminescence spectrum for this U(VI)-phosvitin complex is characterized with luminescence emission bands at 493.7, 515.9, 539.5 and 564.9 nm ± 0.5 nm. The complex formation constants for phosphorylated serine [36] and threonine [37] in a 1:1 complex with U(VI) are log KI=0.1 M = 5.4 ± 0.1 and log KI=0.1 M = 5.5 ± 0.23, respectively. With increasing incubation time and pH at P:U = 10:1, the U(VI)-phosvitin system is dominated by the formation of orange curve species of Figure 2. The positions of the luminescence emission bands at 479.3, 500.1, 522.4 and 547.3 nm ± 0.5 nm are in very good agreement with literature data for the UO2(CO3)3 4-species. [ 38 , 39 ] In comparison to the complex formation constants for phosphorylated amino acids, the complexation with carbonate is clearly thermodynamically favored (log K 0 = 21.84 ± 0.04). [40 ] Therefore the UO2(CO3)3 4-complex dominates the U(VI)phosvitin system at pH higher than 7, at low P : U ratios (lower than 10) and at longer incubation times. Attendant to these two dominant U(VI) species we also observed the formation of a third species (green curve of Figure 2) in a small range of the applied experimental conditions. From its spectral characteristics (495.5, 517.7 and 541.3 nm ± 0.5 nm) it looks more like a second phosvitin species than a second carbonate species. As possible reaction pathways for this species are oligomerisation or aging processes conceivable.

FT-IR and UV-Vis spectrophotometric investigation of Np(V)-phosvitin species

The FT-IR spectrum of the Np(V)-phosvitin complex is found similar to that of the U(VI) case (Figure 4S, supporting information). However, owing to the lower value of the asymmetric stretching frequency (818 cm -1 ) of the neptunyl oxocation, and the strong presence of water vibrations in the lower wavenumber regions, band identification was not possible in the present experimental conditions. [41] Measurement in D2O medium also didn't yield the desired result. As a consequence, although present data suggest as for U(VI), the dominant interaction of Np(V) with the phosphoryl groups of phosvitin protein, definite conclusion is difficult from our IR results. In spectrophotometry, the weakly acidic neptunyl cation exhibits a sharp absorption peak at 980.6 nm, which corresponds to the absorption peak observed for the hydrated neptunyl oxo cation (ε = 395 M -1 cm -1 ). [42] In Figure 3, the sharp fall of the intensity of this peak and subsequent formation of two new peaks at 999.3 and 992.6 nm were observed upon equilibration with phosvitin. This happened due to the disappearance of the free NpO2 + aquo species and formation of complexes with phosvitin molecules under the studied conditions. Except for the 1:1 P:Np ratio condition at pH 6.5 and 10:1 ratio at pH 4.5, there is no peak feature left at 980.6 nm as a result of complete complexation. Formation of the {NpO2HPO4} -and {NpO2PO4} 2-species was reported by Morgenstern and Kim with absorption maxima at 988.6 and 993.6 nm. [42] In the case of carboxylate complexation however, no such shift in wavelength was observed; only a small decrease in intensity of the 980.6 nm peak occurs. [43] In case of Np(V) complexation with carbonate ions in aqueous solution, absorption bands at 991 and 998 nm attributed to 1:1 and 1:2 (NpO2(CO3) -and NpO2(CO3)2 3-) complexes appear, both having carbonate groups interacting with Np(V) in a bidentate manner. The rest of the equatorial plane is populated with 3 and 1 water molecules, respectively. [44,45] Similarly, for sulphate complexation, bidentate binding to Np(V) was found favoured over monodentate binding. [46] Surprisingly, no such study was found in the literature for phosphate groups. However, considering the stability sequence of Np(V) with ligands, CO3 2-> HPO4 2-> SO4 2-binding preference for phosphate groups should not be very different from carbonate and sulfate groups. To conclude, in the present study, significant spectral red shift in the Np(V) absorption band suggests that the Np(V) coordination is dominantly governed by the phosvitin phosphoryl groups and binding should be bidentate in line with other divalent ligands, although there is no direct proof of this.

Comparison of U(VI), Np(V) binding site in phosvitin with EXAFS

To delineate the phosphoryl groups coordination around U(VI)/Np(V), the structure of the actinyl-phosvitin protein species was explored with XAS in the Extended X-Ray Absorption Fine Structure (EXAFS) regime at the actinide LIII edge. EXAFS data were measured at two pH values and for two different phosphoryl-to-metal ratios (Figure 4). The corresponding modulus of the Fourier transform (FT) of the spectra are shown in Figure 5S of supplementary information and the best-fit metrical data are reported in Table 1. For both cations, the first neighbors were found composed of short axial An-Oax bonds (An = U, Np) at ~ 1.8 -1.9 Å and its number was kept fixed to 2 in the fitting procedure to account for the two oxo bonds. For the U(VI)-phosvitin complex in the equatorial plane of the U(VI) cation, a total of 5 (fixed) oxygen atoms are split up into two groups at ~2.3 and ~2.5 Å. Attempts to use only one average distance in the fit did not lead to a reasonable fitting agreement. These U-Oeq distances have been characteristically found in the structure of U(VI) orthophosphate and species formed in uranyl rich conditions with bacterial phosphoryl groups. [47,11] Equatorial oxygen atoms present at the shorter U-Oeq distance are indicative of monodentate binding with metal ion while atoms present at the larger U-Oeq distance may correspond to bidentate binding configuration. The next coordination sphere around uranium was found populated with phosphorous atoms at two U•••P distances of ~3.1 Å and ~3.9 Å. These values agree with U•••P distances observed for the bi-and monodentate binding of phosphoryl groups in uranyl phosphates. [48] Also, in the case of uranyl phosphate autunite, 4 mondentate U-O-P bonds occur at an average distance of U-O = 2.28 Å and U…P = 3.60 Å. [49] But comparison with autunite is limited because it is an inorganic phosphate compound. For all the U(VI) samples, the best fit conditions were achieved with a slight majority of monodentate phosphorous groups while the total number of P atoms (around 4 depending on the proportion of monodentate versus bidentate) matches the fourfold phosphate coordination found in peptide and with bacterial phosphoryl groups. [11,13] The occurrence of bidentate phosphoryl groups (although not the majority) in the present study is significantly different from the general observation of monodentate binding observed for bacterial phosphoryl groups, peptides and chelating ligands. [47,13] Fig. 4 : EXAFS spectra (experimental = straigtht line, fit = dots) of U(VI)phosvitin, pH = 6.5 P:U = 50:1; U(VI)-phosvitin, pH = 6.5 P:U = 10:1; U(VI)-phosvitin, pH = 4.5 P:U = 10:1; Np(V)-phosvitin, pH = 6.5 P:Np = 10:1 and Np-yolk.

For the Np(V)-phosvitin complex, Np(V) was found in a coordination geometry a little different from that of U(VI). Fitting parameters are referred in Table 1 as well. Though no EXAFS studies found reported for Np(V)-phosphate systems (to the best of the knowledge of the authors), axial Np-Oax and equatorial Np-Oeq distances compare well with that of Np(V)-hydrate, carbonate and sulphate complexation systems. [45,50 ] Unlike U(VI), no fitting advantage was overserved when splitting the equatorial Np-O shell. The next coordination sphere is populated by only one Np...P shell at 3.2 Å. Comparing the trend in distance for monodentate vs bidentate coordination around Np in sulphate and carbonate systems, the observed Np...P distance basically refers to bidentate coordination as suggested by the spectrophotometric measurements. In the light of the above spectroscopic results, the scheme of phosphoryl binding in phosvitin protein for U(VI) and Np(V), is a little different: U(VI) bears primarily monodentate binding of phosphoryl groups along with a small contribution of bidentate binding while Np(V) bears only bidentate binding. Studies investigating U(VI) interaction with phosphorylated biomolecules/protein residues have found phosphate group participating in binding via oxygen atoms mostly in a monodentate manner. [11] Naturally occurring uranyl phosphate minerals, autunite and meta-autunite, having P:U ratio 1:1 as well exhibit monodentate binding. [49] However, with increasing U(VI) content (ratio), such as 2:3, another class (known as phosphuranylite) of uranyl phosphate minerals appears, wherein, apart from monodentate binding, a relatively smaller contribution of bidentate binding exists. [ 51 ] Theoretical study investigating uranyl-dianionic phosphoserine complexes found the most stable structure with ligands acting in a mono-as well as bidentate manner toward the metal ion. [ 52 ] With the lower effective nuclear charge of Np in NpO2 + ion, Np(V) reactivity is smaller compared to U(VI) and therefore less coordinated phosphorus atoms (around 3 for Np, 4 for U, Table 1) are present in the Np-phosvitin complex. The Np...P distance, in keeping with carbonate and sulphate systems, indicates the bidentate binding of phosphate groups with neptunium atoms. In view of the cluster of phosphorylated serine residues in phosvitin protein, [16] bidentate binding of the phosphate groups with actinyl ions is in resonance with the general binding pattern expected in metal ions rich environment.

Perspectives towards the speciation of uranyl and neptunyl in egg yolk of dogfish

In order to draw a link between the bioinorganic chemistry of phosvitin described above and in vivo conditions, a tentative speciation experiment was performed with early stage development (30 days) eggs of dogfish. Eggs were dissected and yolk collected for in vitro spiking experiments with U(VI) and Np(V) solutions as described in the experimental section. A typical egg picture is provided in Figure 5. The XAS spectra (Xray Absorption Near Edge Structure, XANES part) at the An LIII edge of U(VI) and Np(V) contaminated egg yolk are reported in Figure 6S of supplementary information. A qualitative observation of both XANES spectra evidences that at least partial reduction occurred from U(VI) to U(IV) and from Np(V) to Np(IV). Measurements were reproduced twice and the same observation was made. Furthermore, no evolution from one scan to the next was observed, indicating that photoreduction with X-ray photons is very unlikely. In the case of the U-yolk sample, the corresponding EXAFS spectrum at the U LIII edge could not be fitted with a simple model of U(VI) phosphate or U(IV) phosphate, suggesting that a mixing of oxidation states +IV and +VI and/or species must be present in the sample. A linear combination fit of the XANES spectrum of U-Yolk with two simple model spectra of aqueous U(IV) and U(VI) in perchloric acid indicates that indeed 33% of U(VI) and 67% of U(IV) are present in the yolk (fitted spectra and fit parameters are provided in Figure 7S of the supplementary information). To date, we have no explanation for the mechanisms that lead to partial reduction of U(VI). One may note however that reduction of U(VI) to U(IV) has already been described in sulfate-reducing bacteria. [53] On the contrary, the EXAFS spectrum of the Np-yolk sample at the Np LIII edge (shown at the bottom of Figure 4, corresponding FT in Figure 4S) could be fitted with a pure Np(IV) model. Because the egg yolk is rich in phosphate groups, coming from both phospholipids and phosphoproteins as phosvitin (P concentration in egg yolk was determined to be equal to 1245 ppm by ICP-OES), only these functions were considered in the tentative fitting procedure. Best fit parameters are also displayed in Table 1 and show a clear evidence of phosphate ligation around the neptunium coordination plane. Comparison with literature data is difficult because very few organophosphate complexes of Np(IV) have been structurally characterized. The Np-O average distances reported in Table 1 (2.33 Å) match reasonably well with average Np-O distances reported in phosphonate complex Np[C6H4(PO3H)2]2.2H2O (2.34 Å), although the coordination modes must differ significantly. [54] As for U(VI), there is to date no definite explanation for the total reduction of Np(VI) to Np(IV). But this preliminary work with native egg yolk of dogfish shows the strong need to link the model bioactinidic chemistry described in this paper with in vivo or in vitro studies. One may conclude from these preliminary results that i) reduction of the actinyl cation (U(VI), Np(V)) occurs in native yolk in our experimental conditions, ii) partial reduction of U(VI) versus total reduction of Np(V) is in agreement with the standard potentials (I=0, 298 K, 1 atm.) of E 0 U(VI/IV) = 0.26 eV < E 0 Np(V/IV) = 0.60 eV, [START_REF] Lemire Chair | Chemical Thermodynamics of Neptunium and Plutonium[END_REF] iii) phosphate ligation fully describes the speciation of Np(IV) in egg yolk.

Conclusions

The biokinetic and toxicological aspects of radioactive contaminants are generally studied for the purposes of protection from radiation. [START_REF] Durbin | The Chemistry of the Actinide and Transactinide Elements[END_REF] However, studies such as in vivo identification of potential uranium protein target (vitellogenin for reprotoxicity) in zebrafish ovaries after chronic waterborne exposure call for deciphering the molecular mechanism of preferential retention. [26] Phosphorylation, together with its counterpart, dephosphorylation, an abundant post-translational modification of proteins, is critical for many cellular processes as it regulates the functions of many enzymes by activating its interaction with phosphorylation. The aim of the present work is to describe the mechanism of interaction of two actinyl ions, namely uranyl(VI), U(VI) and neptunyl(V), Np(V) with hyperphosphorylated protein phosvitin. A combination of different spectroscopic techniques enabled the delineation of a comprehensive description of complexation. IR spectroscopy in the attenuated total reflectance mode revealed the phosphoryl groups of the phosvitin protein interacting with both oxocations. Analysis of the U(VI) TRLFS data identified the presence of a single species for the speciation of the U(VI) with protein. Further, the shift in spectral bands with respect to that of the uncomplexed uranyl(VI) ions confirmed the phosphoryl groups as the complexing groups for U(VI) ions. This information for Np(V) was revealed in the UV-visible spectroscopic data with the appearance of an absorbance signal at 992.7 nm. Analysis of the EXAFS data led to the identification of mainly mondentate binding for uranyl and only bidentate binding for neptunyl. Insight into the binding affinity enhancement of protein residues with uranyl and neptunyl ions through phosphorylation clearly highlight the importance of the present study in regard to this post-translation modification step. [START_REF] Pardoux | [END_REF] Modification of the generally-observed monodentate binding of the phosphate groups with contribution of bidentate binding in their interaction with actinyl ions in a phosphate clustered environment, such as in phosvitin protein, therefore calls for consideration in the description and understanding of the biokinetics of actinyl ions in living organisms. Lastly, preliminary results of further prospective investigation of the egg yolk of dogfish (Scyliorhinus Canicula) indicated partial (U) or total (Np) reduction of the actinyl into An(IV). In the case of Np, coordination with bidentate phosphoryl groups occurs as in the Np-phosvitin complex. This very preliminary result strongly highlights the need for in vivo or in vitro speciation studies.

Experimental Section

Materials

All the chemicals used were of analytical grade and, except phosvitin, were used without further purification. Phosvitin protein was purchased from Sigma-Aldrich. The commercial lot was subjected to a demetalation step to remove native metal ions Ca(II), Zn(II), Fe(III) (≤ 5μg/mg of phosvitin) and Mg(II) (28.8 μg/mg of protein), which may compete with the studied actinides in complexation with protein molecules. This step was carried out using a imminodiacetic acid (IDA) based Chelating-Sepharose® Fast Flow column chromatography (GE Healthcare). Phosvitin (350 mg) were dissolved into 10 mL of 50.10 -3 M TRIS + 150.10 -3 M NaCl at pH 7.4. Around 60 mL of IDA-Sepahrose Fast Flow gel were packed in a glass column with the same buffer and the phosvitin solution was injected at 0.5 -1 mL/min. flow rate. Metals, but also impurities, were retained in the column gel while protein was eluted out. Nearly 85% recovery of the loaded protein was achieved. Because IDA is not the best group for chelating all the divalent metal ions, an oversized column was used in order to favor their capture. Inductively coupled plasma Mass Spectrometery (ICP-MS) analysis showed that, except for Mg(II), a nearly one order of magnitude lesser metal ion load was achieved in the metal removal process (Table 1S, supporting information). Following a dialysis step, a protein stock solution was finally achieved at protein concentration of 12.5 mg/mL in 5.10 -3 M TRIS + 15.10 -3 M NaCl and pH 6.5. Concentration of the protein solution was determined by measuring its absorbance at 280 nm (ε = 0.275 M -1 cm -1 ). The purified lot served as the phosvitin stock solution used for all the spectroscopic characterizations.

Uranium (at natural uranium isotopy Nat U) and neptunium (at purified isotopy 237 Np) solutions were used in the experiment. 237 Np radioisotope is an alpha emitting long half-life (2.1×10 6 years) actinide, which was handled in a controlled glove box for radiological work. Oxidation state purity and stability (+VI for uranyl and +V for neptunyl) was checked with UV-Vis spectrometry.

Dogfish egg yolk

Eggs of the dogfish Scyliorhinus canicula were obtained from the International Atomic Energy Agency. The eggs were all less than 75 days old (about 30 days), before the rupture of the vitelline membrane, which comes at the stages where the embryo length is 3 to 5 mm and before the beginning of digestion of the albumen and the opening of the shell allowing the free circulation of seawater inside the egg. They were kept alive in seawater aquaria at a constant temperature of 15 °C. A typical picture of the eggs used in the experiment is shown in Figure 5. At this stage, their size is between 50 and 70 mm and the volume of the egg yolk is around 2 mL. Around 2 -2.5 mL yolk was obtained after cutting the egg case and brief centrifugation under flowing N2 in order to fully separate the yolk.

Infrared Spectroscopy Studies

In the light of the fact that the spectral complexity rose due to the presence of a TRIS buffer in the purified protein stock, the IR studies were carried out with a commercial protein source. UO2 2+ (5.10 -4 M in chloride medium) was equilibrated with 10 -4 M phosvitin sample at pH 5.6 and 6.5 (±0.1) for 20 hours. Considering 100 moles of phosphoryl groups/mole of phosvitin, [21] concentration of metal and protein represents the ratio 1:20 of metal-to-phosphoryl group concentration. Keeping in mind the lower wavenumber asymmetric stretching frequency of NpO2 + wherein water vibrational and intermolecular stretching vibrations dominate, Np(V) samples were prepared in D2O medium. ATR-FTIR spectra were recorded on a Bruker Tensor 27 instrument using a narrow band mercury cadmium telluride (MCT) detector. Single-reflection Diamond crystal (refractive index = 2.4, incident angle = 60 0 ; MVP-Pro TM , Harrick Scientific Products Inc.) was used as the refection unit. Spectra were acquired with 4 cm -1 resolution and 256 scans were averaged for each sample. The slit opening for the incident beam was optimized at 5 mm. For spectra measurement, a thin layer of protein solution was applied to the crystal, which was then air-dried over a period of 1 hour. Spectra were subsequently acquired at 10-minute intervals until one that was reproducible started to appear. This reproducible spectrum was used in the analysis.

Laser Fluorescence Spectroscopy Studies of U(VI)-phosvitin complexation

TRLFS Spectra were measured at a fixed uranyl concentration of 5.10 -6 M and in 5.10 -3 M TRIS + 15.10 -3 M NaCl as the sample medium. Fluorescence samples were prepared using purified phosvitin under three different conditions: a) as function of the incubation time (P:U ration of 10:1 at pH 6.5); b) varying phosphoryl-to-uranium content ratio (30:1 -1:1) at fixed pH (6.5 ± 0.1); c) varying pH values (3 -8) at fixed phosphoryl-to-uranium content ratio (10:1) after a equilibration time of 16 hours. Required pH in the samples was achieved using pH electrode and standard solution of HClO4 or NaOH. Samples were frozen using liquid nitrogen at the end of the equilibration time for the later measurement schedule. The spectra were recorded at 150 K using a pulsed Nd:YAG laser system (Continuum Minilite Electro-Optics, Inc., Santa Clara, USA) with a digital delay generator (FPG/05, EG & G Princeton Instruments, NJ, USA). The excitation wavelength of the uranyl fluorescence was 266 nm with pulse energy of 0.2 mJ. The TRLFS spectra were acquired with a diffraction grating of 100 mm -1 from 375 to 675 nm, generating spectra with 200 laser shots, and a gate delay of 100 ns. The time-resolved fluorescence emission was recorded over a time period of 5 milliseconds using an iHR 550 spectrograph (Horiba Jobin Yvon, Germany), controlled by associated software LabSpec5 (Horiba Jobin Yvon, Germany). Furthermore, the spectra were analyzed with parallel factor analysis (PARAFAC) as described previously to extract single species spectra and the distribution of these species. [57,58] 

UV-Vis spectrophotometry for Np(V) complexation

Np(V) solutions for UV-visible spectroscopic studies were prepared by equilibrating 5.10 -4 M Np(V) solution with required aliquot of purified phosvitin solution to achieve a 1:0 -1:20 ratio for metal to phosphoryl group content. The pH of the solution was 6.5 ± 0.1 except one solution prepared at 1: 10 and pH 4.5 ± 0.1. The medium of the solutions was that of the purified protein solution, i.e., 5.10 -3 M TRIS + 15.10 -3 M NaCl. Solutions were equilibrated for a period of 18 hours. Absorption spectra of the samples were carried out in the wavelength region of 900-1100 nm on a single-beam Agilent Cary 60 UV-Vis Spectrophotometer using small volume 10 mm path length quartz cuvette.

X-ray Absorption Fine Structure Spectroscopic Studies

Actinyl phosvitin samples: Three uranium XAFS samples were prepared under varying pH (4.0 and 6.5) and P:U content ratio (10:1 and 50:1). Single Np(V) XAFS sample had 10:1 phosphoryl to metal ratio at pH 6.5(±0.1). 5.10 -4 M actinyl (uranyl U(VI) carbonate/neptunyl Np(V) chloride) was equilibrated with the required amount of purified phosvitin stock at pH 4.5 and 6.5 for 20 hours. Subsequent to equilibration, samples were aliquoted to fill slots of a dedicated Teflon sample holder. The Teflon holder had a Kapton window on both sides to let the X-ray enter and exit the sample. The sample holder was put in another leak tight container and freeze-dried until shipment to the synchrotron beamline.

Actinyl yolk samples: 10 µL of U(VI) stock solution (uranyl nitrate, at 0.125 M uranyl and 0.5 M carbonate at pH 7.5) was injected into 2 mL of separated egg yolk and allowed to equilibrate over a period of 24 hours at room temperature (final concentration [U] = 6.3.10 -4 M). Similarly, 10 µL of Np(V) stock solution (0.05 M in HCl 0.1 M medium) was diluted to 30 µL with distilled water and was injected into 1 mL of egg yolk and allowed to equilibrate over a period of 24 hours (final concentration [Np] = 5.10 -4 M).

Uranium and Neptunium LIII edge (17.2 and 17.6 keV, respectively) X-ray Absorption spectra were measured at ROBL beamline, [ 59 ] ESRF synchrotron. In view of the samples having lower metal ion concentration, all the measurements were carried out in fluorescence mode. ROBL is equipped with a water-cooled double-crystal monochromator (FMB Oxford), which is used to select the incident energy of the X-ray beam and for horizontal focalization, and two large water-cooled reflecting mirrors (IRELEC/SESO) that are used for high-energy rejection (harmonic part) and vertical collimation and focalization. In this case, the monochromator was set with the Si(220) crystals and the mirrors with the Pt strips. Energy calibration of the monochromator was carried out by measuring K edge spectra of aY foil(17038 eV) and Zr foil (18000 eV). Eight to ten scans were taken to achieve good signal-to-noise ratio for each sample. Specifically designed cells for diluted radioactive solutions (Ets CANAPLE) were used.

Data processing was carried out using the ATHENA code, Demeter version 0.9.25. [60] The eo energy was identified at the maximum of the absorption edge. Fourier Transformation (FT) in k² was performed between 2.7 and 12 Å -1 (except for Np-Yolk sample, 10 Å -1 ) with Hanning windows using the ARTEMIS code. The agreement factor (r, %) and the quality factor (QF, reduced χ²) of the fits were provided from ARTEMIS. XAFS data were normalized, merged and background subtracted using ATHENA software while the fitting of the processed EXAFS data using the theoretical standard, were carried out with ARTEMIS software. [60] Theoretical amplitude and phase functions required in the fitting procedure were produced using a crystal structure of hydrogen uranyl phosphate tetrahydrate [51] with FEFF included in ARTEMIS. Adjustment was performed in the real (R)space between 1 and 5 Å. For U(VI) and Np(VI), the fitting model was constrained with a total number of 2 axial O atoms and equatorial 5 O atoms. Phosphate groups were considered mono and bidentate with the inclusion of An...P single scattering paths and An-O-P triple scattering path for monodentate phosphates only (number of P atoms were all linked to the number of corresponding O). The total number of variables was equal to 10. For Np(IV), the fitting model was composed of 1 shell of O atoms (variable), and 1 shell of P atoms (variable) with corresponding An-O-P triple scattering path assuming monodentate phosphates only. The total number of variables was equal to 8.

Linear combination fit of the XANES spectra of U-Yolk sample was also performed with ATHENA code using two references of U 4+ aquo ion and UO2 2+ aquo ion from C. Fillaux et al.. [61] The sum of the fitted coefficient was forced to 1.0 and e0 was allowed to vary during the fit.

Figure 1 .

 1 Figure 1. ATR-FTIR spectra of phosvitin and U(VI)-phosvitin samples. Dark blue = phosvitin, pH = 5.6; light blue = U(VI)-phosvitin, pH = 5.6 10:1; red = phosvitin, pH = 6.5; orange = U(VI)-phosvitin, pH = 6.5 10:1.

Figure 2 :

 2 Figure 2: Distribution of identified species in the U(VI)-phosvitin system based on parallel factor (PARAFAC) analysis from the cryo time-resolved laser-induced fluorescence spectroscopy data as function of : left incubation time (P:U ratio of 10:1 at pH 6.5); middle varying phosphorylto-uranium content ratio at fixed pH (6.5 ± 0.1); and right varying pH values at fixed P:U ratio (10:1).

Fig. 3 :

 3 Fig. 3 : UV-visible spectrum of Np(V) equilibrated with phosvitin under different experimental phosphoryl group to neptunium content (P:Np) ratio and pH (6.5 / 4.5 ± 0.1) in 5 mM TRIS +15 mM NaCl. Data was compared to Np(V) present in 0.05 M HCl medium. Phosphoryl group

[ a ]

 a Quality factor (reduced χν 2 ) and agreement factor (R-factor) in percentage;[b] for U(VI)-phosvitin, pH 6.5, P:U = 50:1, De = 6.40 eV, S0 2 = 1.0; for U(VI)-phosvitin, pH 6.5, P:U = 10:1, De = 6.04 eV, S0 2 = 1.0; for U(VI)-phosvitin, pH 4.5, P:U = 10:1, De = 5.76 eV, S0 2 = 1.0; for Np(V)-phosvitin, pH 6.5, P:U = 10:1, De = 8.38 eV, S0 2 = 1.0; for Npyolk, De = 1.30 eV, S0 2 = 1.0;[c] parameters in italics have been fixed or linked (see experimental section).

Fig. 5 :

 5 Fig. 5 : Picture of dogfish egg with yolk sac of about 3 cm long (ruler in cm) at 30 days.

Table 1 .

 1 Best-fit values for EXAFS parameters determined for U(VI) / Np(V)phosvitin and Np-yolk samples.

	Sample [b]	Neighbors	Distance	Debye	Fit
			(Å)	Waller Å 2	parameters
					[a]
	U-phosvitin	2 Oax	1.80(1)	0.0012	(19, 0.5%)
	pH 6.5, P:U =	2.9(2) Omon	2.33(1)	0.0031	
	50:1	2.1 Obid	2.50(1)	0.0031	
		1.1 Pbid	3.11(1)	0.0059	
		2.9 Pmon	3.89(2)	0.0115	
	U-phosvitin	2 Oax	1.79(1)	0.0019	(35, 1.0%)
	pH 6.5, P:U =	3.4(4) Omon	2.33(1)	0.0062	
	10:1	1.6 Obid	2.50(1)	0.0062	
		0.8 Pbid	3.10(2)	0.0055	
		3.4 Pmon	3.86(2)	0.0175	
	U-phosvitin	2 Oax	1.79(1)	0.0019	(24, 0.7%)
	pH 4.5, P:U =	2.9(2) Omon	2.30(1)	0.0062	
	10:1	2.1 Obid	2.46(1)	0.0062	
		1.1 Pbid	3.10(2)	0.0055	
		2.9 Pmon	3.87(3)	0.0175	
	Np-phosvitin	2 Oax	1.87(1)	0.0021	(21, 1.3%)
	pH 6.5, P:Np	6.3(5) Obid	2.49(1)	0.0151	
	= 10:1	3.2 Pbid	3.19(2)	0.0153	
	Np-yolk	11.3(14) O	2.37(1)	0.0166	(16, 1.8%)
		3.0(7) Pbid	3.12(2)	0.0123	
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