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HIGHLIGHTS 26 

 57 candidate U(VI)-binding proteins were identified in U(VI)-exposed Arabidopsis cells, 27 

including GRP7. 28 

 Recombinant GRP7 binds 2 U(VI) ions within its RNA Recognition Motif in vitro. 29 

 Amino acid residues involved in U(VI) binding at both binding sites were identified. 30 

 U(VI) impairs GRP7’s nucleic acid-binding activity, suggesting its role in U-mediated 31 

toxicity. 32 

 33 

  34 
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Abstract 35 

Uranium (U) is a naturally occurring radionuclide that poses chemotoxic threats to living 36 

organisms, including plants. Despite its environmental relevance, the molecular mechanisms 37 

underlying U toxicity in plant cells are not well understood. In this study, we used an integrative 38 

metalloproteomic strategy integrating chromatographic fractionation with high-resolution 39 

proteomics and inductively coupled plasma mass spectrometry to identify cellular protein 40 

targets of uranyl (U(VI)) in cultured Arabidopsis thaliana cells. This approach led to the 41 

identification of 57 candidate U-binding proteins, suggesting a broad potential for U-protein 42 

interactions in plant systems. Among these, the Glycine-Rich RNA-binding Protein 7 (GRP7), 43 

a multifunctional protein implicated in RNA processing, stress responses, and circadian 44 

regulation, emerged as a particularly compelling candidate. We purified recombinant GRP7 45 

and demonstrated its ability to bind U(VI) with a 1:2 (protein:metal) stoichiometry in vitro. 46 

Structural investigation using solution-state nuclear magnetic resonance (NMR) spectroscopy 47 

revealed the dynamic nature of the interaction and pinpointed specific residues involved in 48 

U(VI) coordination at two distinct sites. Importantly, we showed that U(VI) binding disrupts the 49 

RNA-binding function of GRP7, suggesting a molecular mechanism by which U exposure may 50 

impair gene regulation in plants. These findings provide the first detailed molecular insight into 51 

U-protein interaction in plants and suggest that GRP7 may play a critical role in mediating U-52 

induced toxicity through interference with RNA metabolism. This work paves the way for future 53 

studies on U toxicity and tolerance in plants, with potential implications for environmental risk 54 

assessment and phytoremediation strategies. 55 

 56 

 57 

 58 

Keywords: metalloproteomics, uranium-binding proteins, NMR, Glycine-rich RNA-binding 59 
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1- Introduction 62 

Uranium (U) is a non-essential trace metal element that is ubiquitous in the Earth crust and 63 

seawater. The radionuclide is primarily redistributed in the environment by anthropogenic 64 

activities including U mining and milling industries, civil and military nuclear activities, and 65 

extensive enrichment of agricultural soils with phosphate fertilizers [1, 2]. Its accumulation in 66 

soil, water and air can lead to potential risks to ecosystems, agrosystems, and ultimately 67 

human health, as the radionuclide has both chemical and radiological toxic effects [3]. 68 

The soluble oxidized form of U, the uranyl cation (UO2
2+, with U in the +VI oxidation state, 69 

thereafter referred to as U(VI)), is known to induce oxidative stress, to affect photosynthesis, 70 

to disrupt mineral homeostasis and to inhibit plant growth and development, including root 71 

architecture and elongation [4-10]. U(VI) has also been shown to alter the expression of genes 72 

involved in hormone synthesis and signaling, plasmodesmata function, and cell wall 73 

metabolism [11-14]. More recently, a proteomic study of root membrane and cell wall fractions 74 

revealed the importance of cell wall dynamics, vesicular trafficking and water balance in the 75 

response of plants to U(VI) exposure [15]. Despite these studies, our knowledge of the 76 

molecular mechanisms responsible for U toxicity in plants is still fragmentary. Toxic effects of 77 

U on organisms result from direct interactions with biological molecules. Since U(VI) is able to 78 

bind strongly to biomolecules via carboxylate, phosphate or sulphate moieties, proteins are 79 

expected to be primary targets of U [16]. These interactions also determine the molecular 80 

mechanisms of U(VI) uptake, transport, and storage. Hence, we have recently shown that 81 

U(VI) is taken up by roots of Arabidopsis thaliana (A. thaliana) through calcium (Ca) channels 82 

[17]. Another pathway involving endocytic uptake may also be important for U(VI) transport 83 

into plant cells [18]. However, once inside cells, the fate of U(VI) and the nature of its protein 84 

targets are still poorly understood. 85 

In recent years, a growing number of studies have focused on the identification and 86 

characterization of protein-U(VI) interactions in vivo and in vitro in various organisms, allowing 87 

the identification of potential U(VI) targets in vivo (reviewed in [19] and [20]). A straightforward 88 

and reliable method for identifying U(VI)-binding proteins (UraBPs) involves a chromatographic 89 

approach utilizing modified immobilized uranyl affinity chromatography (IMAC). This method 90 

exploits the cation exchange properties of aminophosphonate groups to selectively bind U(VI) 91 

[21]. This strategy enabled the efficient in vitro capture of UraBPs from human serum [21], 92 

kidney [22] and neuronal [23] cell extracts. Applying this technique, we recently identified 38 93 

U(VI)-affine proteins in protein extracts from A. thaliana root and leaf extracts [24]. While this 94 

method effectively identifies proteins with in vitro affinity for U(VI), it does not confirm their 95 

actual interaction with U(VI) in planta. Moreover, their binding to U(VI) in such systems does 96 

not necessarily imply a role in U toxicity or detoxification processes in vivo. 97 
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In a previous work, we developed an ionomic, metalloproteomic, and biochemical toolbox to 98 

analyse the consequences of U(VI) ion stress on the proteome of A. thaliana cultured cells 99 

[25]. We showed that high-resolution fractionation of A. thaliana cell soluble proteins by anion-100 

exchange chromatography (AEC) coupled to mass spectrometry (MS)-based proteomics is a 101 

very efficient method, invaluable for reducing sample complexity and improving proteome 102 

coverage through enrichment of low-abundant proteins. Uranium was detected in several 103 

chromatographic fractions, indicating that U(VI)-protein interactions were at least partially 104 

preserved during fractionation. This finding also provided the first evidence that several A. 105 

thaliana proteins can bind U(VI) in vivo. 106 

Here, we aimed to identify A. thaliana proteins with in vivo affinity for the U(VI) cation. A key 107 

challenge was to separate U(VI)-bound proteins using chromatographic techniques that 108 

preserve metal-protein interactions for accurate identification. To address this, we first refined 109 

the conditions for exposing cell cultures to U(VI), ensuring the stability of protein-metal 110 

complexes. We then implemented two complementary fractionation strategies, combining 111 

sequential column chromatography, ICP-MS metal profiling and high-resolution MS-based 112 

shotgun proteomics. This enabled us to identify 57 UraBP candidates from A. thaliana cultured 113 

cells exposed to U(VI) contamination. One of these proteins, the glycine-rich RNA-binding 114 

protein 7 (GRP7), which was one of most highly enriched through the process was further 115 

characterized for its ability to interact with U(VI) using a combination of biochemical and 116 

structural analyses. Taken together, our results show that U(VI) binds to the recombinant 117 

GRP7 core domain at two distinct sites through intramolecular interactions. We identified 118 

important amino acids for U(VI) binding within both sites. Finally, we investigated the 119 

relationship between U(VI)-binding and nucleotides binding to GRP7 protein. 120 

 121 

2- Materials and Methods 122 

2.1. Arabidopsis thaliana cell culture growth conditions 123 

A. thaliana (ecotype Columbia) cell cultures were grown in Murashige and Skoog liquid 124 

medium supplemented with 1.5% sucrose (w/v). Cultures were grown at 22°C, under 125 

continuous light (40 µmol photons m-2s-1), in a controlled cell growth incubator with rotary 126 

agitation (Infors HT) [25]. Cells were subcultured every 4 days for 3 consecutive cycles before 127 

exposure to U(VI). To this end, exponentially growing cells were harvested by centrifugation, 128 

washed once and resuspended in medium with low (30 µM) or no phosphate at all, instead of 129 

1.25 mM in regular medium. Cells were then challenged with 50 μM uranyl nitrate for 24 h. 130 

After exposure, cells were harvested, washed once with 10 mM sodium carbonate solution 131 

followed by two washes with distilled water, dried by vacuum filtration, and stored at -80°C 132 

prior to use [25]. 133 

 134 
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2.2. Extraction of soluble proteins from cell cultures 135 

A. thaliana cultured cells exposed with U(VI) were ground in liquid nitrogen using a mortar and 136 

pestle. The powdered samples were suspended in 10 mM Tris-HCl buffer pH 7.5, 1 mM 137 

dithiothreitol (DTT) and a protease inhibitor cocktail (Roche Applied Science). Suspensions 138 

were then centrifuged at 16,000 x g for 20 min at 4°C. Supernatants, comprising soluble 139 

proteins, were recovered, ultra-centrifuged at 105,000 x g for 15 minutes at 4°C, and desalted 140 

by successive concentrations/dilutions with 10mM Tris-HCl pH 7.5, 1 mM DTT buffer (Strategy 141 

1) or 20 mM K2HPO4/KH2PO4 pH 7.5, 1 mM DTT buffer (Strategy 2), using Amicon® Ultra-15, 142 

3 kDa ultrafiltration units (Millipore). 143 

 144 

2.3. Fractionation of soluble cell proteins by column chromatography 145 

All chromatographic steps were carried out at 4°C using Fast Protein Liquid Chromatography 146 

using an Äkta purifier (Cytiva). 147 

Strategy 1 148 

First step – Anion exchange chromatography (AEC) fractionation 149 

Aliquots of 400 mg soluble proteins from A. thaliana cells exposed to U(VI) were loaded onto 150 

a 1.6 x 12 cm Q-Sepharose High Performance column (Cytiva) equilibrated with 10 mM Tris-151 

HCl pH 7.5, 1 mM DTT (buffer A) at a flow rate of 0.5 ml/min. Proteins were then eluted using 152 

a linear gradient of NaCl to 0.6 M, in buffer A over 14 column volumes. Fractions of 5 ml were 153 

collected. 154 

Second step – Size exclusion chromatography (SEC) fractionation 155 

Protein fractions from the AEC fractionation, co-eluting with U, were concentrated, loaded onto 156 

a Superdex 200 HiLoad® 16/60 column (Cytiva) equilibrated with 10 mM Tris-HCl buffer pH 8, 157 

10% (v/v) glycerol, 0.15 M NaCl at a flow rate of 1 ml/min, and then eluted with the same buffer. 158 

Fractions of 1.5 ml were collected. 159 

Strategy 2 160 

First step - Pseudo affinity chromatography fractionation 161 

Aliquots of 100 mg of soluble proteins from A. thaliana cells exposed to U(VI) were fractionated 162 

by chromatography onto a 5 ml HTP grade II hydroxyapatite column (Bio-Rad) equilibrated 163 

with 20 mM K2HPO4/KH2PO4 pH 7.5 phosphate buffer, 1 mM DTT. Elution was performed with 164 

a linear gradient of K2HPO4/KH2PO4 pH 7.5 from 20 mM to 1 M, over 20 column volumes. 165 

Fractions of 5 ml were collected. 166 

Second step - SEC fractionation 167 

The HTP fractions containing the major U peak, eluted by the phosphate gradient, were pooled 168 

and concentrated using Amicon Ultra-4, 3 kDa filtration units (Millipore). The sample was then 169 

chromatographed onto a Superdex 200 HiLoad® 16/60 column (Cytiva) equilibrated with 10 170 



6 
 

mM Tris-HCl buffer pH 8, 10% (v/v) glycerol, 0.15 M NaCl at a flow rate of 1 ml/min, and eluted 171 

with the same buffer. Fractions of 1.5 ml were collected. 172 

Third step – Anion exchange chromatography (AEC) fractionation 173 

The fractions of the five U peaks eluted from the SEC step were pooled and diluted in 10 mM 174 

Tris-HCl pH 8 buffer to lower salt concentration. The samples were then chromatographed 175 

onto a 1 ml Q-Sepharose High Performance column (Cytiva), using a linear gradient of NaCl 176 

up to 0.6 M, over 14 column volumes. Fractions of 400 µl were collected. 177 

 178 

2.4. Protein determination and SDS-PAGE analyses 179 

Protein were quantified by the Bradford method using Bio-Rad protein assay reagent, with 180 

bovine serum albumin as a standard [26]. Aliquots of protein fractions were separated on 12% 181 

or 15% (w/v) polyacrylamide gels under denaturing conditions (SDS-PAGE) and stained with 182 

Coomassie Blue using InstantBlueTM protein stain (Expedeon) or silver nitrate using the 183 

SilverQuest staining kit (Invitrogen), according to the supplier's recommendations. 184 

 185 

2.5. ICP-MS analyses 186 

Protein fractions from chromatographic columns were mineralized in a 10% (v/v) HNO3 solution 187 

(Suprapur; Merck) by heating for 2 h at 60°C to ensure denaturation and metal release [24, 188 

25]. Denatured proteins were removed by centrifugation and the supernatants used for ICP-189 

MS analysis. The mineralized samples were diluted in a 0.5% (v/v) HNO3 solution and then 190 

analyzed using an iCAP RQ quadrupole mass spectrometer (Thermo Fisher Scientific GmbH, 191 

Germany) equipped with a MicroMist U-Series concentric glass nebuliser, a 3°C cooler, a 192 

Qnova quartz torch, two nickel (Ni) cones with a high-sensitivity insert coupled to an ASX-560 193 

autosampler (Teledyne CETAC Technologies, USA). Uranium was quantified using standard 194 

mode and standard curves, as well as an internal standard solution containing 103Rh and 172Yb. 195 

Data integration was performed using Qtegra software (Thermo Fisher Scientific GmbH, 196 

Germany). 197 

 198 

2.6. Mass spectrometry-based proteomic analyses (UraBPs identification; Strategy 1) 199 

The 2D gel-based proteomic experiments were essentially carried out as previously described 200 

[27]. For the isoelectric focusing (IEF) dimension, home-made 160 mm long 4-8 linear pH 201 

gradient gels were used. Four mm-wide strips were cut, and rehydrated overnight with the 202 

sample, diluted in a final volume of 0.6 ml of rehydration solution (7 M urea, 2 M thiourea, 4% 203 

CHAPS, 0.4% carrier ampholytes (Pharmalytes 3-10) and 100 mM dithiodiethanol [28]). The 204 

strips were then placed in a Multiphor plate (GE Healthcare), and IEF was carried out with the 205 

following electrical parameters: 100V for 1 h, then 300 V for 3 h, then 1000 V for 1 h, then 3400 206 

V up to 60-70 kVh. After IEF, the gels were equilibrated for 20 min in 125mM Tris, 100mM HCl, 207 
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2.5% SDS, 30% glycerol and 6 M urea. They were then transferred on top of the SDS gels and 208 

sealed in place with 1% agarose dissolved in Tris 125mM, HCl 100mM, SDS 0.4% and 0.005% 209 

(w/v) bromophenol blue. 210 

For the second dimension, 10% acrylamide gels (160x200x1.5 mm) were used. The Tris 211 

taurine buffer system [29] was used and operated at a ionic strength of 0.1 and a pH of 7.9. 212 

The final gel composition is thus Tris 180mM, HCl 100 mM, acrylamide 10% (w/v), 213 

bisacrylamide 0.27%. The upper electrode buffer is Tris 50 mM, taurine 200 mM, SDS 0.1%. 214 

The lower electrode buffer is Tris 50 mM, glycine 200 mM, SDS 0.1%. The gels were run at 25 215 

V for 1h, then 12.5 W per gel, until the dye front has reached the bottom of the gel. Detection 216 

was carried out by a tetrathionate silver staining [30]. 217 

The gels were scanned after silver staining on a flatbed scanner (Epson perfection V750), 218 

using a 16 bits grayscale image acquisition. The gel images were then analyzed using the 219 

Delta 2D software (v 3.6). In order to select potential UraBPs, a protein correlation strategy 220 

was used: several fractions corresponding to the various U-containing peaks were analyzed 221 

by 2D electrophoresis, taking care of including the fraction with the highest U content and other 222 

fractions at different heights of the U-content scale. Spots showing the highest level in the 223 

fraction with the highest U content were selected as potential U-binding proteins. 224 

Spots excision, destaining and in gel digestion were performed as described in [31]. The 225 

peptide digests were then analysed by nanoLC-MS/MS using a nanoACQUITY Ultra-226 

Performance-LC (Waters Corporation, Milford, USA) coupled to the TripleTOF 5600 (Sciex, 227 

Ontario, Canada) operated as described in [32]. 228 

For protein identification, the MS/MS data were interpreted using a local Mascot server with 229 

MASCOT 2.6.2 algorithm (Matrix Science, London, UK) against UniProtKB/SwissProt 230 

database (version 2019_09 561,176 sequences and version 2019_10 561,356 sequences). 231 

Spectra were searched with a mass tolerance of 15 ppm for MS and 0.07 Da for MS/MS data. 232 

Trypsin was selected as the enzyme allowing a maximum of one missed cleavage. 233 

Carbamidomethylation of cysteine residues and oxidation of methionine residues were 234 

specified as variable modifications. Protein identifications were validated with at least two 235 

peptides with Mascot ion score above 30. Proteomics data have been deposited to the 236 

ProteomeXchange Consortium via the PRIDE partner repository [33] with the dataset identifier 237 

PXD056391 and Project DOI: 10.6019/PXD056391. 238 

 239 

2.7. Mass spectrometry-based proteomic analyses (UraBPs identification; Strategy 2) 240 

Proteins were solubilized in Laemmli buffer before being stacked in the top of a 4-12% 241 

NuPAGE gel (Invitrogen). After staining with R-250 Coomassie Blue (Biorad), proteins were 242 

digested in-gel using trypsin (modified, sequencing purity, Promega), as previously described 243 

[34]. The resulting peptides were analyzed by online nanoliquid chromatography coupled to 244 
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MS/MS (Ultimate 3000 RSLCnano and Q-Exactive Plus) using a 80 min gradient. For this 245 

purpose, peptides were sampled on a precolumn (300 μm x 5 mm PepMap C18, Thermo 246 

Scientific) and separated in a 75 μm x 250 mm C18 column (Reprosil-Pur 120 C18-AQ, 1.9 247 

μm, Dr. Maisch). The MS and MS/MS data were acquired by Xcalibur v2.8 (Thermo Fisher 248 

Scientific). 249 

Peptides and proteins were identified by Mascot (version 2.8.0, Matrix Science) through 250 

concomitant searches against the Uniprot database (A. thaliana taxonomy, January 2024 251 

version), and a homemade database containing the sequences of classical contaminant 252 

proteins found in proteomic analyses (human keratins, trypsin, etc.). Trypsin/P was chosen as 253 

the enzyme and two missed cleavages were allowed. Precursor and fragment mass error 254 

tolerances were set at respectively at 10 and 20 ppm. Peptide modifications allowed during 255 

the search were: Carbamidomethyl (C, fixed), Acetyl (Protein N-term, variable) and Oxidation 256 

(M, variable). The Proline software ([35], version 2.2) was used for the compilation, grouping, 257 

and filtering of the results (conservation of rank 1 peptides, peptide length ≥ 6 amino acids, 258 

false discovery rate of peptide-spectrum-match identifications < 1% [36], and minimum of one 259 

specific peptide per identified protein group). 260 

Proteins from the contaminant database were discarded from the final list of identified proteins. 261 

Proteins identified with at least 2 peptides in the two samples analyzed and proteins with 262 

molecular weight inferior to 20 kDa were further considered. Proteomics data have been 263 

deposited to the ProteomeXchange Consortium via the PRIDE partner repository [33] with the 264 

dataset identifier PXD058046 and Project DOI: 10.6019/PXD058046. 265 

 266 

2.8. Cloning of GRP7 cDNA forms for recombinant proteins production and site-directed 267 

mutagenesis 268 

Sequences of primers used in this study are listed in Supplementary Table S1. The full-length 269 

GRP7 cDNA coding sequence (At2g21660) was amplified by RT-PCR using total RNA isolated 270 

from 3-week-old A. thaliana leaves using the RNeasy plant mini extraction kit (Qiagen) and 271 

reverse transcribed using the ThermoScript RT-PCR system (Invitrogen). The cDNA fragment 272 

was amplified by PCR using primers introducing NcoI and SalI restriction sites upstream of the 273 

initiation codon and downstream of the stop codon, respectively (Supplementary Table S1). 274 

The PCR products were sequenced (Eurofins) and ligated into pET28b+ plasmid (Novagen) 275 

between NcoI and SalI sites to obtain the recombinant pET28-GRP7 plasmid. cDNA encoding 276 

the C-terminal truncated GRP7 form, GRP7Δ, was obtained by PCR amplification using 277 

pET28-GRP7 plasmid as a matrix and specific primers (Supplementary Table S1). The PCR 278 

product was ligated into pET28b+ plasmid to obtain the pET28-GRP7Δ recombinant plasmid. 279 

The resulting pET28-GRP7 constructs were amplified in Escherichia coli DH5α cells and then 280 

introduced into the E. coli overexpression host Rosetta 2 (DE3) (Stratagene). 281 
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Mutations into GRP7 were introduced by a PCR-based strategy according to the instructions 282 

of the QuickChange II site directed mutagenesis kit (Stratagene). For the generation of triple 283 

mutants, double mutant constructs were used as templates (for primers, see Supplementary 284 

Table S1). 285 

 286 

2.9. Production and purification of the recombinant GRP7 forms 287 

Bacterial cells transformed with GRP7 plasmid constructs were cultured at 37°C in Lysogeny 288 

Broth (LB) medium supplemented with the appropriate antibiotics until A600 reached 0.6. 289 

Isopropylthio--D-galactoside was then added to a final concentration of 0.4 mM and 290 

incubations were continued for 15 h at 28°C. Cell pellets from 2-L cultures were resuspended 291 

in 50 ml of extraction buffer, which contained 20 mM Tris-HCl, pH 8, 10% (w/v) glycerol, 1 mM 292 

DTT and a cocktail of complete protease inhibitors (Roche Applied Science), and were then 293 

disrupted by sonication using a Vibra-Cell disruptor (Branson Ultrasonics). The removal of cell 294 

debris was achieved through centrifugation at 40,000 x g for 30 min. The soluble proteins 295 

present in the supernatants were then subjected to ammonium sulphate precipitation at 4°C 296 

with crystalline ammonium sulphate ranging from 40 to 60% saturation, for GRP7 containing 297 

protein extracts, or 60 to 90% saturation, for GRP7 containing protein extracts. Resulting 298 

precipitates were collected by centrifugation (40,000 x g, 15 min, 4°C), resuspended in 20 mM 299 

Tris-HCl, pH 7.5 buffer, supplemented with protease inhibitors, and dialyzed overnight at 4°C 300 

against 4 L of the same buffer. All subsequent chromatographic steps were carried out at 4°C 301 

using Fast Protein Liquid Chromatography using an Äkta purifier (Cytiva). Protein samples 302 

were applied onto a 1.6 x 10 cm Q-Sepharose High Performance column (Cytiva) equilibrated 303 

with 20 mM Tris-HCl, pH 7.5 buffer. After extensive wash of the column with two volumes of 304 

buffer, proteins were eluted using a 11-column volume linear gradient from 0 to 300 mM NaCl 305 

in this buffer, at a flow rate of 0.5 ml/min. GRP7-containing fractions were pooled and 306 

concentrated using Amicon® Ultra-15, 3kDa filtration units (Millipore), before being applied 307 

onto a Hiload® Superdex 75 16/60 column (Cytiva), equilibrated with 10 mM Tris-HCl, pH 7.5, 308 

150 mM NaCl buffer. Elution was conducted in the same buffer at a flow rate of 1 ml/min. 309 

Purified recombinant proteins were concentrated, aliquoted and stored at -80°C, until use. 310 

Protein purity and integrity were monitored by SDS-PAGE. Purified protein concentration was 311 

determined by recording UV absorption spectra, using a NanoDrop 2000 spectrophotometer 312 

(Thermo Fischer Scientific) (mass extinction coefficients at 280 nm were E1% = 15.33 for GRP7; 313 

8.68 for GRP7; 8.77 for GRP7U1mut and GRP7U2mut; and 8.86 for GRP7U1-U2mut, as 314 

calculated from molar extinction coefficients 280 = 25900 M-1 cm-1 (GRP7) and 8480 M-1 cm-1 315 

(GRP7 and mutants); ProtParam ExPASy). 316 
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Production and purification of recombinant GRP7 and GRP7 proteins uniformly labelled with 317 

15N and 13C (U-15N,13C-GRP7) were performed similarly as for unlabeled protein, except that 318 

growth was conducted in minimal M9 medium, containing antibiotics and supplemented with 319 

15N-ammonium chloride (15N-NH4Cl (15N, 99%)) and 13C-glucose (U-13C6, 99%) (Cambridge 320 

Isotope Laboratories, Inc.), after progressive medium acclimatization from pre-cultures 321 

conducted in LB medium. 322 

Presence of recombinant GRP7 in eluted fractions during the purification process was 323 

assessed by western-blotting, using a custom-made rabbit polyclonal GRP7 antibody raised 324 

against affinity-purified recombinant 6His-tagged protein (1:25000 dilution) (Covalab). 325 

 326 

2.10. Uranium quantification in U(VI)-protein complexes by SEC and Arsenazo III assay 327 

U(VI)-protein complexes were prepared by incubating 15 μM purified GRP7 solutions for 15-328 

30 min at 25°C, in 20 mM Tris-HCl pH 7.5 buffer, containing 150 mM NaCl, 150 µM 329 

iminodiacetic acid and up to 200 μM uranyle nitrate, as indicated. Iminodiacetic acid was 330 

present in incubation buffer to prevent U(VI) precipitation as hydro-U(VI) hydrolysates [37]. 331 

Formed complexes were separated from unbound metal by SEC, through centrifugation for 2 332 

min at 724 x g of the samples (120 μL), on MicroSpin™ G-25 columns (Cytiva), equilibrated 333 

with the binding buffer [24]. Controls without protein or without U(VI) were run in parallel for 334 

background correction. Binding assays were performed at least in triplicate. Protein in the 335 

eluates was quantified by recording A280. Uranium in protein complexes was determined in 100 336 

µL aliquots by the Arsenazo III colorimetric assay [38], on ELISA plates, using a microplate 337 

reader (Infinite M1000 PRO, TECAN) for detection. The reliability of the Arsenazo III method 338 

for U quantification was confirmed by comparing to an ICP-MS assay, using a standard range 339 

of 0-30 µM uranyl nitrate. 340 

 341 

2.11. Statistical analyses 342 

Statistical analysis of the data in U(VI) binding experiments was performed using Dunnett-test 343 

in Kaleidagraph 5.0 (Synergy Software, PA, USA). A P-value<0.05 was considered statistically 344 

significant. 345 

 346 

2.12. Solution-state Nuclear Magnetic Resonance (NMR) studies 347 

Uniformly 13C/15N labeled GRP7 (or GRP7) was dissolved in the NMR buffer consisting in 348 

Tris-HCl 20 mM (pH 7.5), NaCl 0.3 M, and placed in either 3 mm or 5 mm NMR sample tubes. 349 

The final sample concentration ranged between 100 and 200 M, and the sample temperature 350 

was set to 300 K for the NMR experiments.  351 
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NMR experiments were performed on Bruker Avance IIIHD spectrometers operating at 1H 352 

Larmor frequencies of 700, 850 and 950 MHz. All spectrometers were equipped with 353 

cryogenically cooled triple-resonance probes (HCN TCI 5mm) and pulsed z-field gradients. 354 

2D 1H-15N and 1H-13C correlation spectra were recorded with BEST-TROSY [39] and SE-355 

HSQC pulse sequences, respectively. 356 

NMR assignments were obtained from a set of 3D BEST-TROSY-type correlation experiments 357 

[40]: HNCO, HNCACO, HNCA, HNCOCA, HNCACB, and HNCOCACB. 358 

Translational diffusion constants of the proteins in solution were measured by 1D methyl 1H 359 

DOSY experiments [41] focusing either on the methyl or amide spectral region. A series of 1D 360 

spectra was recorded with varying gradient strength and a total acquisition time of about 15 361 

min. 362 

All NMR experiments used in this study are implemented in the NMRlib pulse sequence library 363 

[42] that can be freely downloaded from the IBS website (http://www.ibs.fr/research/scientific-364 

output/software/pulse-sequence-tools). NMR chemical shifts of GRP7 have been deposited 365 

with the BMRB (http://www.bmrb.wisc.edu/) under accession number 52967. The experiments 366 

were processed and analyzed using Bruker Topspin 3.5 and CCPNMR V3 software. 367 

 368 

3- Results 369 

3.1. Optimization of U(VI) accumulation in A. thaliana cells and strategies used to identify in 370 

cellulo U(VI)-binding proteins (UraBPs) 371 

The metalloproteomic and biochemical strategy that we developed to analyze the 372 

consequences of U(VI) stress on the proteome of A. thaliana cell cultures [25] was used as a 373 

starting point to initiate the purification of in cellulo A. thaliana U(VI)-binding proteins (UraBPs). 374 

In this work, A. thaliana cells growing exponentially in standard MS medium were transferred 375 

to a cell density of 100 g fresh weight/L in low phosphate (30 µM instead of 1.5 mM) MS 376 

medium and were challenged with 50 µM uranyl nitrate for 24 h. Under these conditions, the 377 

proportion of soluble U measured in cells was low (1.4 ± 0.8 % from 71 ± 20 µg U biosorbed/ 378 

g fresh weight) and the majority of U was found as an insoluble form adsorbed on cell walls 379 

(65 ± 5 %) and biological membranes (28 ± 5 %) [25]. In order to maximize U(VI) uptake and 380 

accumulation into cells and to favor intracellular U(VI) binding to proteins, we made 381 

adjustments to the original experimental protocol. Phosphate being known to limit U(VI) 382 

absorption [43, 44], it was completely omitted prior to U(VI) exposure. Also, the cell density 383 

was lowered to 20-30 g fresh weight/L, increasing cell exposure to U(VI). Under these 384 

conditions, the exposure of cells to 50 µM uranyl nitrate did not affect cell growth, and total U 385 

biosorbed was 156.8 ± 14.1 µg/g of fresh cell weight (Supplementary Figure S1). Cells were 386 

harvested after 24 h of treatment and extensively washed with Na2CO3 and distilled water to 387 

remove U(VI) loosely adsorbed to the cell surface. Cells were then lysed and ultracentrifuged 388 
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to separate the supernatant, corresponding to the soluble protein fraction, from the insoluble 389 

fraction containing cell wall and membranes. Uranium quantification by ICP-MS showed that 390 

83 ± 3 % of U was present in the insoluble fraction confirming that most of the radionuclide 391 

was associated with the cell wall, membranes or precipitates eliminated by ultracentrifugation 392 

[25]. The soluble protein fraction that contained 17 ± 3 % of total U(VI) biosorbed was then 393 

desalted by successive ultrafiltration and dilution (with a 3 kDa cut-off membrane) in order to 394 

retain only U(VI) associated with proteins. The final soluble protein extract that contained 169 395 

± 13 ng U/ mg of protein (vs 25 ± 12 ng U/ mg protein under low phosphate conditions [25]) 396 

was used to purify and identify A. thaliana UraBPs using MS-based proteomic approaches. To 397 

achieve this goal, two distinct biochemical strategies were developed, both relying on the 398 

successive fractionation of the soluble protein extract using different chromatographic columns 399 

(Figure 1). The first strategy aimed at the comprehensive identification of UraBPs, while the 400 

second focused on isolating proteins with the highest affinity for U(VI). 401 

 402 

3.2. UraBP identification by Strategy 1: Towards a comprehensive identification of the U(VI)-403 

binding proteins in cellulo 404 

In strategy 1, three grams of soluble proteins extracted from 200 g of A. thaliana cells were 405 

separated by AEC (Q-Sepharose HP column) using a continuous NaCl gradient from 0 to 0.6 406 

M (Figure 1). The presence of U in the fractions eluted from the AEC column was measured 407 

by ICP-MS. We identified five distinct peaks containing U, named peak 1 to 5 (Figure 2A). 408 

These peaks were eluted in a highly reproducible manner as they were observed at each 409 

chromatography iteration, with the exception of peak 5 whose intensity varied from one 410 

experiment to another (not shown). This result showed that there are different populations of 411 

UraBPs in A. thaliana cells challenged with uranyl nitrate. In these five peaks, the protein 412 

composition was very different and still very complex (Figure 2B), suggesting that each of these 413 

peaks may contain several UraBPs and possibly associated proteins. The composition of peak 414 

5 was different from the other four peaks because, in addition to containing few proteins (Figure 415 

2B), most of the U present in this peak was in the free form or bound to small molecules (< 3 416 

kDa). In fact, when peak 5 was concentrated on a centrifugal filter unit (3 kDa cut off), 80 ± 7 417 

% of U was not retain by the filter, whereas in peaks 1 to 4, this proportion represented only 4 418 

± 2 % to 8 ± 3 %. Accordingly, peak 5 was not analyzed further in this study. For further 419 

refinement, a Superdex 200 SEC column was employed due to its effectiveness in maintaining 420 

U(VI)-protein complexes [23, 45-47]. This step revealed that individual AEC-derived U peaks 421 

contained multiple UraBPs. Indeed, Peaks 1 and 2 from the AEC further separated into 3 and 422 

4 distinct U peaks, respectively (named 1.I to 1.III and 2.I to 2.IV), whereas Peaks 3 and 4 from 423 

the AEC generated only one main U peak (3.I and 4.I, respectively) eluted from the Superdex 424 

200 column exclusion volume (Supplementary Figure S3). However, the high complexity of 425 
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polypeptide profiles on SDS-PAGE, combined with the significant decline in the U-to-protein 426 

ratio observed after these two chromatographic steps complicated further separation using this 427 

approach. To address this limitation, we developed an alternative strategy integrating 2D gel 428 

electrophoresis and protein correlation profiling. We compared the 2D protein maps of the peak 429 

fractions (highest U content) with those of the flanking fractions eluted from the 430 

chromatographic column before and after the peak maximum. Correlating protein abundance 431 

with U enrichment enabled the identification of potential UraBP candidate spot proteins. The 432 

candidate UraBPs were then identified by nLC-MS/MS. This approach was tested on two SEC-433 

derived peaks (Peaks 1.I and 1.III) originating from AEC Peak 1 (Supplementary Figure S4A 434 

and S5A). The concentration of U at the maximum of Peak 1.III was approximately 1.3-fold 435 

higher than that measured at the edges of the same peak (Supplementary Figure S5). 436 

Accordingly, all spots with an intensity ratio of 1.3 between the maximum and each of the two 437 

flanking fractions were considered as candidate protein spots. For Peak 1.I, this ratio was 2.2 438 

on the left and 1.13 on the right with respect to the top of the peak (Supplementary Figure S4). 439 

Each of these peaks was analyzed in two independent experiments. The candidate spots were 440 

selected according to two criteria. The first criterion, termed "standard", was met when the spot 441 

intensity at the top of the U peak was greater than the intensities of the spots on either side, in 442 

both experiments. The second criterion, termed "strong", was more stringent. It was met if the 443 

lowest intensity of the spot at the top of the U-peaks (between the two experiments) was higher 444 

than the higher intensity of the spots on either side of the U-peaks. Therefore, any spot meeting 445 

the strong criterion also satisfied the standard criterion, but the reverse was not necessarily 446 

true. Although this method may not reveal all UraBPs within a protein spot, it effectively 447 

identifies the most abundant candidates, providing a focused list for subsequent validation of 448 

U(VI)-binding capacity. 449 

In the case of Peak 1-I, fraction 35 corresponding to the top of the U peak and fractions 32 and 450 

37 corresponding to the left and right sides of the peak, respectively (Supplementary Figure 451 

S4A) were separated on 2D SDS-PAGE (Supplementary Figure S4B). Sixteen candidate 452 

UraBP spots were selected, nine of which met the strong criterion and seven only the standard 453 

criterion (Supplementary Figure S4C). Proteins present in these spots were identified by nLC-454 

MS/MS. These proteins and their functions are listed in Supplementary Table S2, along with 455 

some of their physicochemical properties, including the proportion of amino acids typically 456 

involved in U(VI) interactions (Glu, Asp, Tyr, His) and phosphorylated residues (pSer, pThr, 457 

pTyr), which enhance U(VI) binding to Asp and Glu [20, 37, 38, 48-56]. The table also highlights 458 

any known relationship between these proteins and metals, including metal-binding ability 459 

and/or regulation by metals. For example, three of these proteins have known phosphorylated 460 

residues and ten are known to bind metals or are regulated by metal stress (Supplementary 461 

Table S2). One of them, the phosphoenolpyruvate carboxykinase (Uniprot id: Q9T074), a key 462 
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enzyme in gluconeogenesis, was found in three protein spots, one of which has an enrichment 463 

rate greater than 3 (Spot 4) (Supplementary Figure S4C). This multi phosphorylated protein 464 

(with 5 known sites), binds to Mn2+ and Ca2+ ions, and is upregulated in A. thaliana cultured 465 

cells in response to cadmium (Cd) stress [57]. 466 

Similarly, fraction 55 (top of the peak) and fractions 53 and 58 (left and right sides of the U 467 

peak) were analyzed for Peak 1-III (Supplementary Figure S5A). The analysis of protein spot 468 

intensities highlighted 29 candidate spots (Supplementary Figure S5B), 22 of which met the 469 

strong criterion and 7 of which met only the standard criterion (Supplementary Figure S5C). A 470 

list of 23 candidate proteins was obtained (Supplementary Table S3). Six spots showed an 471 

average abundance change ("fold change") with the top of the peak close to 2 (spots 6, 7, 8, 472 

11, 12 and 13). Among them, spot 8 corresponds to the aminomethyltransferase T-protein of 473 

the glycine cleavage system (Uniprot ID: O65396), known to respond to Cd stress. Another 474 

protein (spot 11) corresponds to an isocitrate dehydrogenase (Uniprot ID: Q8LG77), which 475 

requires Mg2+ or Mn2+ ions as cofactor for its activity. Another candidate protein, 476 

lactoylglutathione lyase (Uniprot ID: Q8H0V3), also called glyoxylase, stands out because it is 477 

a zinc (Zn)-binding protein with a binding site containing two Glu and one His, amino acids with 478 

affinity for U(VI). It is also involved in the detoxification of methylglyoxal, a compound produced 479 

by lipid peroxidation induced by oxidative stress [58]. Of note, the probable 3-480 

hydroxyisobutyrate dehydrogenase-like 1 protein (Uniprot ID: Q9SZE1) was identified as a 481 

UraBP candidate in both the 1-I and 1-III peaks. 482 

 483 

3.3. UraBP identification by Strategy 2: Towards the identification of the most affine proteins 484 

for U(VI) in cellulo 485 

In strategy 2, 250 mg of proteins extracted from 13 g of U(VI)-treated cells (containing 72 ± 3 486 

ng U/mg protein) were subjected to chromatography on a Bio-Gel HTP hydroxyapatite column 487 

as the initial purification step (Figure 1). Although the hydroxyapatite resin poses a risk of 488 

disrupting U(VI)-protein interactions due to phosphate strong affinity for U(VI), proteins with 489 

sufficiently high binding affinity can retain their association with U(VI) and are protected from 490 

precipitation by phosphate from the medium [45, 59]. Protein and U profiles are shown in 491 

Supplementary Figure S6. A significant part of U initially present in the protein extract was 492 

detected in the column exclusion volume. This fraction contains all the proteins not retained by 493 

the column as well as U(VI) weakly or non-specifically bound to proteins and precipitated by 494 

the phosphate present in the column equilibration buffer. A second U peak was observed 495 

eluting at approximately 150 mM phosphate, representing 6 ± 1 % of the total uranium and 24 496 

± 4 % of the proteins from the original extract. This fraction was likely to contain UraBPs in a 497 

stable complex with U. Fractions from this peak were pooled and subsequently separated 498 

using a Superdex 200 SEC column. The resulting U profile was composed of five distinct peaks 499 
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(Supplementary Figure S6) containing 0.18 ± 0.02; 3.4 ± 0.2; 9.3 ± 0.1; 18 ± 0.2 and 0.3 ± 0.1 500 

mg of protein, respectively. Notably, the fifth peak, comprising low molecular weight proteins 501 

(< 20 kDa), emerged as a key focus due to its low protein complexity and potential enrichment 502 

in high-affinity UraBPs (Supplementary Figure S6, Figure 3). The proteins present in the five 503 

peaks were separated in a final chromatographic step on a high-resolution Q-Sepharose 504 

column. The most striking result was the fractionation of peak 5 from the Superdex 200 column. 505 

Most of the U from this peak eluted as a narrow peak in fraction 26 (F26) of the Q-Sepharose 506 

column (Supplementary Figure S6, Figure 3). This fraction contained only five detectable 507 

bands, as determined by SDS-PAGE and silver nitrate staining. Proteins present in this fraction 508 

as well as in peak 5 of the Superdex 200 column were identified by nLC-MS/MS. A list of 23 509 

candidate proteins was retained after sorting the protein as function of their size (<20 kDa) and 510 

ranking according to their relative abundance ("Specific Spectral counts") (Supplementary 511 

Table S4). Some of these proteins, such as the monothiol glutaredoxin-S12 (Uniprot ID: 512 

Q8LBS4), the probable Ca-binding protein CML13 (Uniprot ID: Q94AZ4), and the 16 kDa 513 

phloem protein 1 (Uniprot ID: Q9M2T2), are metalloproteins. Some proteins are multi-514 

phosphorylated, such as the nucleoside diphosphate kinase 1 (Uniprot ID: P39207), or are 515 

enriched in Glu and Asp residues, like the probable Ca-binding protein CML13 (Uniprot ID: 516 

Q94AZ4) and 16 kDa phloem protein 1 (Uniprot ID: Q9M2T2). However, the glycine-rich RNA-517 

binding proteins 7 and 8 (GRP7 and GRP8) were at the top of the list. In addition to being the 518 

most abundant proteins in the fraction, both paralogs are multi-phosphorylated (12 and 8 519 

known sites, respectively). In addition, GRP7 was recently identified as a protein with in vitro 520 

affinity for U(VI), after affinity capture of Arabidopsis leaf and root protein extracts, on U(VI)-521 

immobilized matrix [24]. GRP7 is a well-characterized small soluble RNA-binding protein 522 

containing a globular N-terminal RNA recognition motif (RRM) and a C-terminal glycine-rich 523 

intrinsically disordered region (IDR) [60]. It regulates the expression of numerous genes at the 524 

post-transcriptional level, including its own transcripts and the GRP8 transcripts [61], by 525 

controlling pre-mRNA splicing and/or translation [62]. Target genes are involved in various 526 

biotic [63] and abiotic stresses response [62, 64-67], including metal stress [68]. 527 

In light of all these considerations, we focused on GRP7 to achieve a more detailed 528 

characterization. 529 

 530 

3.4. Recombinant full-length GRP7 protein binds 2 U(VI) ions per monomer through 531 

intramolecular interactions 532 

To confirm the ability of A. thaliana GRP7 to bind U(VI) and to further characterize its metal-533 

binding properties, we cloned the cDNA encoding the full-length GRP7 protein by RT-PCR and 534 

produced the native (without any tag) recombinant protein in the E. coli Rosetta2 (DE3) strain. 535 

We used a three-step procedure including two-successive chromatographic steps to purify the 536 
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recombinant GRP7 protein to near homogeneity (Supplementary Figure S7A). Because we 537 

observed that the GRP7 solutions became reversibly turbid at low temperatures (10°C or less) 538 

and low salt concentrations (<250 mM NaCl), 300 mM NaCl was included in the SEC media in 539 

the course of protein purification and in all subsequent buffers used in this study. Indeed, GRP7 540 

is known to undergo phase separation under heat or cold stress in vitro and in vivo, and this 541 

phenomenon is dependent on protein and salt concentration [62]. Using 2 L of bacterial culture, 542 

we were able to purify up to 12 mg of recombinant GRP7. Finally, the recombinant GRP7 543 

protein behaved as an apparent 16.5 kDa globular protein by SEC on a Superdex 200 544 

Increase 10/300 GL column, as calculated from a calibration curve obtained by measuring 545 

elution volumes of calibration proteins, indicating that the protein is monomeric in solution 546 

(Supplementary Figure S7B). 547 

To analyze the U(VI)-binding capacity of recombinant GRP7 in vitro and to determine the 548 

stoichiometry of U(VI) complexation, we used the arsenazo III assay to determine the U(VI) 549 

content in U(VI)-GRP7 complexes formed after incubation of 15 μM GRP7-buffered samples 550 

with 200 μM uranyl nitrate (~13 U(VI) equivalents). Separation of complexes from the unbound 551 

metal was achieved by centrifugation on Sephadex MicroSpin G-25 columns, as described 552 

(Vallet et al., 2023) (Supplementary Figure S8A). Under these conditions, the data showed a 553 

ligand binding of 2.14 ± 0.25 U(VI) ions per GRP7 monomer, consistent with the presence of 554 

2 U(VI) binding sites on the recombinant protein (Supplementary Figure S8B). None of the 555 

other metal ions tested, including Ca(II), Fe(II) and Fe(III), Zn(II), Ni(II), Cd(II) and lead (Pb)(II), 556 

bound significantly to recombinant GRP7 (<0.2 metal-equivalent binding; not shown). Finally, 557 

U(VI) binding did not affect the protein elution profile on SEC, indicating that U(VI) binding was 558 

intramolecular and did not alter its oligomerization state (Supplementary Figure 7B). 559 

 560 

3.5. Solution NMR investigation of GRP7 561 

To gain insights into the in vitro molecular interaction of U(VI) with GRP7, we performed 562 

solution NMR spectroscopy on 13C/15N labeled protein samples (Supplementary Figure S9). 563 

All NMR data sets were recorded, with purified GRP7 (typically 100 µM) in Tris-HCl 20 mM pH 564 

7.5, NaCl 0.3 M, with magnetic field strengths of either 700 MHz or 850 MHz 1H frequency, at 565 

27°C. A 1H-15N correlation spectrum of full length GRP7 is shown in Figure 4A. A first 566 

observation from this spectrum was that the number of cross peaks is much lower than the 567 

number of amide groups in the backbone of this 176-residue protein. Site-specific NMR 568 

assignments were obtained from a set of 3D HNC-type Best-TROSY experiments [40]. The 569 

assigned chemical shifts revealed that only the N-terminal part of GRP7 (residues 5-86) gives 570 

rise to observable NMR signals under our experimental conditions, while the glycine-rich C-571 

terminal part is hardly observable. This finding was in-line with predictions of disorder/order 572 

scores (Figure 4B) that indicate a high disorder propensity in the C-terminal half of the protein. 573 
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The absence of notable NMR intensity detected for this part of the protein indicated that the 574 

GRP7 C-terminal domain is not forming a highly flexible polypeptide chain, but rather a molten 575 

globular structure with interconversion of multiple conformations on the milliseconds time 576 

scale. NMR chemical shifts also provided information on the secondary structural elements 577 

present in the N-terminal part of GRP7 (Figure 4C; [69]). The identified  topology 578 

is typical of RNA recognition motifs (RRM), in agreement with another recent NMR study on 579 

GRP7 [60] and the AlphaFold structural model. We further confirmed that the RRM fold is 580 

independent of the glycine-rich C-terminal domain. For this aim, we prepared a truncated 581 

GRP7 construct, named GRP7, which only comprises residues 1-90 (Supplementary Figure 582 

S9C and S9D). The 1H-15N spectrum of GRP7 overlapped almost perfectly with the spectrum 583 

of full-length GRP7, indicating no changes in domain structure and conformational dynamics 584 

upon removing of the C-terminal part (Figure 4A). 585 

We then investigated the interaction of full-length GRP7 with U(VI). Comparing 1H-15N 586 

correlation spectra recorded for the apo GRP7 and a 1:2 GRP7:U(VI) sample showed no 587 

significant changes in peak positions (Figure 5A). However, a quantitative analysis of spectra 588 

revealed a significant increase in peak intensity upon U(VI) binding for a few residues (amide 589 

groups Asp5, Trp17, Ser48, Gln85, and Ser86) (Figures 5A and 5B). In addition, small peak 590 

shifts observed in aliphatic side chain 1H-13C correlation spectra allowed to identify one more 591 

residue (Ala2) affected by the interaction with U(VI). Interestingly, all NMR-identified nuclear 592 

sites that showed increased peak intensities in the presence of U(VI) are located either at the 593 

N- and C-terminal ends of the RRM domain, or in loop regions connecting secondary structural 594 

elements. The position of these residues on the AlphaFold2 structural model highlighted two 595 

spatially distinct regions as potential U(VI) binding sites, named U1 and U2 (Figure 5C). Taking 596 

into account the binding stoichiometry determined by our biochemical assay, we hypothesized 597 

that each of these binding sites is able to coordinate a single U(VI) cation. Our NMR data did 598 

not show any indication that the glycine-rich C-terminal part is implicated in the interaction with 599 

U(VI). This was further confirmed by NMR data recorded on the truncated GRP7 showing 600 

similar spectral changes to those observed for full-length GRP7 (Supplementary Figure S10), 601 

and by biochemical data showing almost identical U(VI) binding stoichiometry to GRP7 602 

compared to full-length GRP7 (Supplementary Figure S8B). Finally, we addressed whether 603 

U(VI) coordination involves only a monomer of GRP7 or several GRP7 molecules forming 604 

oligomeric complexes. For this, we performed NMR-based translational diffusion experiments 605 

(Figure 5D). No change in the apparent diffusion constant was observed upon the addition of 606 

2 molar equivalents of U(VI), demonstrating that GRP7 remains monomeric upon U(VI) 607 

binding, consistent with SEC analysis (Supplementary Figure 7B). 608 

 609 
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3.6. Characterization of U(VI)-binding residues of GRP7 610 

To confirm and refine the putative U(VI)-binding sites on GRP7 and to identify the residues 611 

that coordinate the U(VI) ions, we first aligned the GRP7 and GRP8 RRM domain sequences 612 

with those of orthologous human RNA-binding proteins, previously found to bind U(VI) in cellulo 613 

[23]. In particular, we focused on identifying conserved Glu and Asp residues located on the 614 

vicinity of U(VI)-sensitive residues observed in NMR studies (Figure 6A). Indeed, oxygen from 615 

the carboxyl side chain of these amino acids is a hard Lewis base known to be one of the main 616 

functional groups for high affinity U(VI) binding to proteins, through equatorial coordination of 617 

up to six amino acid ligands, perpendicular to the U-O-U axis [20, 56]. This analysis identified 618 

Asp42 and Glu44, on the one hand, and Asp5 and Glu7, on the other hand, as putative U(VI)-619 

binding residues within or in the vicinity of U1 and U2 putative binding sites, respectively 620 

(Figure 6B). In order to confirm that these residues are indeed involved in U(VI) coordination, 621 

we have produced a set of mutants of GRP7 modified at both U1 (Asp42Ala/Glu44Ala) and 622 

U2 (Asp5Ala/Glu7Ala) sites (Supplementary Figure S9E, 9F and 9G) and checked their ability 623 

to bind U(VI) (Figure 7). Our results show that mutations of each individual site significantly 624 

reduced U(VI) binding, while mutations of both sites almost completely abolished U(VI) 625 

binding. Mutation of the Asp42 and Glu44 residues to Ala reduced the U(VI) binding 626 

stoichiometry to GRP7 by 2-fold, suggesting that these mutations disrupted the U1 binding 627 

site. Similarly, mutating the Asp5 and Glu7 residues to Ala also significantly reduced U(VI) 628 

binding, although to a lower extent, indicating that additional residues contribute to U(VI) 629 

coordination at the U2 site. However, all our attempts to produce recombinant GRP7 with 630 

triple mutations targeting either the U1 (Asp42Ala/Glu44Ala/Ser48Ala) or the U2 631 

(Asp5Ala/Glu7Ala/Ser86Ala) sites were unsuccessful. 632 

 633 

3.7. Nucleic acid binding to GRP7 interferes with U(VI) binding 634 

GRP7 has been shown to play pivotal roles in the post-transcriptional regulation of gene 635 

expression. By binding to specific RNA sequences, GRP7 can modulate RNA splicing, stability, 636 

and translation, thereby fine-tuning the expression of stress-responsive genes [70]. This 637 

regulation is particularly important under stress conditions, where precise control of gene 638 

expression can determine the extent of plant adaptation and survival. In a recent work, 639 

Lewinski et al. [60] identified GRP7 RNA targets from individual-nucleotide resolution UV 640 

cross-linking and immunoprecipitation (iCLIP) data [71] and determined a conserved RNA 641 

motif enriched in uridine residues at the GRP7 RRM binding sites. Using NMR titrations, they 642 

optimized the 7-mer 5’ AGUUUCA RNA ligand comprising the GRP7 consensus binding motif 643 

determined from iCLIP data. This oligonucleotide binds specifically and with high affinity (KD = 644 

3 µM) to the conserved ribonucleoprotein (RNP) motifs RNP1 and RNP2 and to a newly 645 

identified non-consensus motif (Non-RNP) from the RRM domain [60]. The corresponding 646 
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single-stranded DNA oligonucleotide 5’ AGTTTCA 3’ binds to the GRP7 RRM domain with 647 

similar affinity (KD = 3.4 µM) and specificity. Interestingly, several GRP7 residues involved in 648 

sensing the binding of U(VI), as identified by NMR or by site-directed mutagenesis, such as 649 

Trp17, Asp42, Ser48, Gln85 and Ser86, are either identical or located close to those that 650 

interact with the consensus RNA or DNA oligonucleotide within the RRM domain (Figure 6A; 651 

[60]). This suggested a possible interference between oligonucleotides and U(VI) binding to 652 

the GRP7 RRM core domain. To test this hypothesis, we pre-incubated GRP7 with increasing 653 

concentration of the single-stranded DNA oligonucleotide 5’ AGTTTCA 3’ before the addition 654 

of 60 µM U(VI). DNA concentrations were chosen according to the oligonucleotide affinity for 655 

GRP7 and the amount required to saturate the protein binding sites [60]. U(VI) binding was 656 

then assessed by SEC of protein complexes and Arsenazo III assay. The results presented in 657 

Figure 8 show that binding of the consensus oligonucleotide to GRP7 prevented U(VI) binding 658 

in a dose-dependent manner. In marked contrast, incubation of the protein with the single-659 

stranded DNA oligonucleotide 5’ AAAAAAA 3’, which does not interact with GRP7 [60], had no 660 

or very little effect on U(VI) binding. 661 

 662 

4- Discussion 663 

Uranium, particularly in its hexavalent form U(VI), has been shown to induce various toxic 664 

effects across all living species. One of the primary barriers to U entry into plant cells is the cell 665 

wall and plasma membrane, where U is often sequestered [13, 15, 25]. However, a fraction of 666 

U present in terrestrial or aquatic environments can bypass these barriers and be taken up into 667 

plant tissues. Previous studies have elucidated the mechanisms by which U(VI) penetrates 668 

living cells, notably highlighting the involvement of iron (Fe(III)) and Ca(II) uptake pathways in 669 

facilitating U entry into eukaryotic organisms [17, 72]. Once internalized by cells, U(VI) interacts 670 

predominantly with cellular biomolecules, especially proteins. Proteins, as key biomolecules 671 

orchestrating numerous cellular processes and metabolic pathways, are central to the 672 

mechanisms of toxicity induced by non-essential metals, including U. Numerous proteins have 673 

been reported to interact with U(VI), most of which in human systems. These interactions can 674 

provoke structural alterations in proteins, as exemplified by modifications observed in 675 

osteopontin [47, 73] and fetuin A [49, 73]. Moreover, U(VI) can substitute essential biological 676 

metals such as Fe and Ca in metalloproteins, disrupting the functions of proteins like 677 

transferrin, the primary Fe transporter in blood [74], and calmodulin [37, 75]. 678 

Investigations into UraBPs in vivo have been conducted in various organisms, including 679 

bacteria [45], rats [76], crayfish [77], and humans [23, 56, 78-80]. Although the toxic effects of 680 

U(VI) on plants are well documented, its in vivo protein targets remain unidentified. To bridge 681 

this gap, we employed a metalloproteomics approach combining advanced protein separation 682 

techniques, designed to optimally preserve U(VI)-protein interactions, with robust protein and 683 
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metal identification methods (nLC-MS/MS, coupled or not with two-dimensional 684 

electrophoresis and ICP-MS). These methodologies were applied to protein extracts from A. 685 

thaliana cell suspension cultures exposed to uranyl nitrate. 686 

The use of A. thaliana cell suspension cultures allowed for the collection of substantial protein 687 

quantities while bypassing the histological complexity inherent to higher plants. Additionally, 688 

these poorly differentiated cells exhibit relatively uniform protein expression across the A. 689 

thaliana proteome [25], reducing the likelihood that highly abundant proteins with low U(VI) 690 

affinity would obscure the detection of UraBPs with high affinity but low expression levels. For 691 

example, albumin was long considered the principal U(VI) target in blood serum [81]. 692 

Subsequent findings revealed that albumin binds only 7% of serum U(VI), whereas fetuin A, 693 

despite its lower abundance, binds over 80% due to its significantly higher affinity (apparent 694 

Kd of 30 nM compared to 17 μM for albumin) [49]. Thus, the utilization of plant cell cultures 695 

grown under heterotrophic conditions effectively mitigates such masking effect, enhancing the 696 

identification of high-affinity UraBPs. 697 

In our pioneering experiments, we exposed cells to a low-phosphate medium [25], as 698 

phosphate is known to significantly limit U(VI) uptake [44, 82, 83]. The complexation of U(VI) 699 

with phosphate results in the formation of highly insoluble compounds [84], leading to U(VI) 700 

precipitation in the medium or its accumulation on plant cell walls. Consequently, low amounts 701 

of soluble U(VI) were detected within the cells under these conditions. To enhance U(VI) 702 

uptake, we reduced cell density to increase the U(VI)/biomass ratio and used a phosphate-703 

free medium during exposure to U(VI) nitrate. These adjustments did not compromise cell 704 

viability [4] or growth over the 24-hour exposure period (Supplementary Figure S1). Under 705 

these optimized conditions, the proportion of soluble intracellular U increased from less than 706 

2% (in low-phosphate conditions) to nearly 20% of total U, with approximately half of this 707 

soluble fraction bound to proteins (Supplementary Figure S2). These conditions proved 708 

suitable for isolating and identifying UraBPs. 709 

The identification of intracellular protein targets of U(VI) in plant cells was the central objective 710 

of this study, providing essential insights into the cellular mechanisms underlying U(VI) toxicity 711 

and tolerance. In their exploration of bacterial metalloproteomes, Cvetkovic et al. [45] 712 

demonstrated the efficacy of column chromatography for enriching proteins bound to essential 713 

metals such as Fe, zinc (Zn), and Ca. However, no similar enrichment was observed for toxic 714 

metals like U. This discrepancy could be attributed to the nonspecific binding of U(VI) to 715 

numerous proteins and the progressive dissociation of U(VI) from proteins with genuine affinity 716 

during separation steps. Notably, Cvetkovic et al. [45] utilized a hydroxyapatite column 717 

composed of a Ca phosphate matrix and phosphate buffer for elution. Given phosphate's high 718 

affinity for U(VI), this setup likely promoted the precipitation of nonspecifically or weakly 719 

protein-bound U(VI) [59]. Considering the strengths and limitations of prior methodologies, we 720 
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implemented two complementary chromatographic strategies. Strategy 1 focuses on 721 

preserving U(VI)-protein interactions to enable the comprehensive identification of UraBPs, 722 

irrespective of their binding affinity. In contrast, Strategy 2, which begins with an hydroxyapatite 723 

chromatography, selectively isolates proteins with the highest affinity for U(VI) (Figure 1). This 724 

dual approach balances exhaustive detection with targeted identification, enhancing our 725 

understanding of U(VI)-protein interactions. 726 

The two UraBP identification strategies developed in this study led to the discovery of 57 727 

potential protein candidates, 36 identified through Strategy 1 and 23 through Strategy 2. 728 

Notably, the putative 3-hydroxyisobutyrate dehydrogenase-like 1 (Uniprot ID: Q9SZ21) was 729 

detected in both the peak 1.I and 1.III fractions using Strategy 1, while the desiccation-related 730 

protein At2g46140 (Uniprot ID: O82355) was identified by both strategies. Candidate proteins 731 

were classified based on several criteria: the presence of at least two confirmed 732 

phosphorylation sites (multi-phosphorylation), metal-binding capability or involvement in metal 733 

stress responses, and an overrepresentation of amino acid residues with potential U(VI) affinity 734 

(Supplementary Tables S2, S3, and S4). Among proteins fulfilling multiple criteria, the Fe-735 

storage proteins ferritin-1 (Uniprot ID: Q39101) and ferritin-3 (Uniprot ID: Q9LYN2) were 736 

identified through Strategy 1 (Supplementary Table S2). Ferritins are universal intracellular 737 

proteins that store Fe in its oxidized form and regulate Fe homeostasis by controlling Fe 738 

release [85]. Interestingly, metalloproteomic analyses in the hyperthermophilic archaeon 739 

Pyrococcus furiosus exposed to U(VI) identified ferritin as a major in vivo U(VI) target [45]. 740 

Similarly, ferritin was shown to bind U in the U-bioaccumulating crayfish Procambarus clarkii 741 

exposed to U(VI) contamination [86]. These findings suggest that U(VI), like other actinides, 742 

mimics Fe chemistry [87] and can displace Fe in vivo. This implicates ferritin as both a potential 743 

target of U(VI) toxicity and a player in U detoxification across diverse species. Moreover, since 744 

A. thaliana ferritin-1 and ferritin-3 are localized in chloroplasts, their interaction with U(VI) would 745 

suggest that U can penetrate chloroplasts. Another compelling UraBP candidate identified 746 

through Strategy 1 is a lactoylglutathione lyase (Uniprot ID: Q8H0V3), which naturally binds 747 

Zn via a coordination site formed by two Glu, one His, and one Gln residue [88]. This binding 748 

site could plausibly accommodate U(VI), forming a pentagonal bipyramidal coordination 749 

complex with U axial positions occupied by oxygen atoms [20, 78]. 750 

Among the 57 UraBP candidates identified in this study, particular attention was given to 751 

glycine-rich RNA-binding protein 7 (GRP7; Uniprot ID: Q03250), which emerged as the most 752 

enriched UraBP candidate, alongside its paralog GRP8 (Uniprot ID: Q03251), through 753 

metalloproteomics Strategy 2 (Supplementary Table S4). GRP7 had previously been reported 754 

to exhibit high-affinity binding to U(VI) in vitro, as demonstrated by a metalloproteomics study 755 

using modified IMAC affinity chromatography [24]. Additionally, a recent investigation into the 756 

urano-proteome of neuronal cells identified six heterogeneous nuclear ribonucleoproteins 757 
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(hnRNPs) as potential UraBPs [23]. Given that these hnRNPs share homology with plant 758 

GRP7 and GRP8, this further reinforced the decision to prioritize their characterization. GRP7 759 

and GRP8 belong to class IV of plant glycine-rich proteins (GRPs), also referred to as RNA-760 

binding GRPs [70]. This subclass is involved in plant responses to biotic and abiotic stress, 761 

primarily through post-transcriptional gene regulation [89]. Structurally, these proteins feature 762 

a highly conserved N-terminal RRM of 80–90 amino acids, adjacent to a C-terminal glycine-763 

rich IDR. This disordered sequence is believed to mediate interactions with various 764 

components involved in RNA processing and protein transport between the nucleus and the 765 

cytosol [90]. The RRM domain is also critical for RNA processing by GRPs, enabling phase 766 

separation of proteins in complex with RNA and promoting the assembly of stress granules 767 

under stress conditions [62, 91]. 768 

Here, using a combination of biochemical and structural analyses, we demonstrated that 769 

purified recombinant GRP7 binds U(VI) in vitro at two distinct intramolecular sites within its 770 

RRM domain (Supplementary Figure S8; Figure 5). This mode of interaction contrasts with 771 

U(VI) binding to plasma membrane-associated cation-binding protein PCaP1 from A. thaliana 772 

observed in a previous work, where U(VI) induced oligomerization by bridging monomer 773 

interfaces at distinct sites in both the structured N-terminal domain and the Glu-rich flexible C-774 

terminal region [24]. High-resolution NMR spectroscopy of GRP7 revealed a significant 775 

increase in peak intensities in 1H-15N correlation spectra for specific residues at opposite edges 776 

of the RRM domain upon addition of a twofold excess of U(VI) to the apo-protein (Figure 5). 777 

This suggests direct or proximal interaction with U(VI). A similar approach identified Glu34 and 778 

Asp38 as U(VI)-binding residues in the cyanobacterial protein SmtA [48], though in that case, 779 

interactions were detected through chemical shift changes, a common but not exclusive 780 

signature of protein-ligand binding [92]. Site-directed mutagenesis confirmed the involvement 781 

of four key residues in GRP7 RRM domain U(VI) binding: Asp42 and Glu44 within the U1 site, 782 

and Asp5 and Glu7 within the U2 site (Figure 7). Mutations in the U1 site completely abolished 783 

U(VI) binding, while those in the U2 site only partially reduced binding, implying that additional 784 

residues may contribute to U(VI) coordination. The two oxo groups of the U(VI) cation facilitate 785 

the coordination of up to six ligands in its equatorial plane [20, 56], suggesting a complex 786 

binding network. Interestingly, Ser85, sensitive to U(VI) exposure in recombinant GRP7 in 787 

NMR studies, has been reported to be phosphorylated in vivo (Supplementary Table S4). 788 

Given the well-established role of phosphorylation in enhancing U(VI) binding affinity [37, 53, 789 

93, 94], Ser85 may participate in U(VI) interaction within the U2 site, further strengthening 790 

binding affinity in planta. 791 

Our data indicate that U(VI) binding to GRP7 is exclusive to the RRM domain, with no 792 

involvement of the glycine-rich domain (Supplementary Figures S8 and S9; Figure 7). 793 

However, the glycine-rich domain undergoes extensive phosphorylation (up to 12 sites in 794 
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GRP7 and 8 in GRP8) (Supplementary Table S4; [62, 95]) suggesting that in native conditions, 795 

this domain may also participate in U(VI) binding. This aligns with the efficient purification of 796 

native GRP7 under stringent conditions [24] and the isolation of GRP7:U(VI) and GRP8:U(VI) 797 

complexes via in cellulo metalloproteomics Strategy 2 in this study. 798 

Beyond its well-established roles in circadian clock regulation [96-98], stress tolerance to cold, 799 

drought, salinity and temperature fluctuations [62, 65, 99], pathogen immunity [63, 100], and 800 

floral transition [101], all intrinsically linked to its RNA-binding capacity [95, 101-103], GRP7 801 

has also emerged as a key regulator in heavy metal stress responses in A. thaliana. Notably, 802 

GRP7 expression is modulated under Cd [57], Zn [104], Pb, Ni [68], and U [15] exposure. 803 

However, unlike U, these metals do not bind GRP7, at least in vitro. Recent findings by Kim et 804 

al. [68] unveiled GRP7 novel roles in mediating A. thaliana tolerance to Ni and Pb. GRP7 805 

transcript levels increased in response to Ni but decreased under Pb exposure. Moreover, 806 

GRP7 was shown to regulate the mRNA stability of target genes involved in heavy metal 807 

chelation and antioxidant defense, influencing the plant capacity to accumulate and tolerate Ni 808 

and Pb. Our study further demonstrates that U(VI) binding occurs specifically within the RRM 809 

domain of GRP7, targeting regions overlapping or adjacent to the RNP1, RNP2, and non-RNP 810 

motifs (Figure 6). These binding events interfere with the interaction of the optimized GRP7 811 

target oligonucleotide. (Figure 8), suggesting a compelling hypothesis: U(VI) interaction with 812 

GRP7, and by extension GRP8, in planta could impair the RNA-binding and processing 813 

functions of these multifaceted proteins. Such interference may significantly affect plant 814 

responses to U-induced stress. Exploring this mechanism could uncover new strategies for 815 

enhancing plant resilience to U exposure. 816 

 817 

5- Conclusions 818 

The identification and characterization of UraBPs in plants is a pivotal step toward unraveling 819 

the molecular mechanisms underlying plant responses and adaptations to U(VI) stress. These 820 

proteins could act as direct targets of U toxicity or play critical roles in metal detoxification and 821 

tolerance. In this study, we aimed to identify and characterize UraBPs in vivo in A. thaliana, a 822 

process that, to our knowledge, has not yet been performed in any photosynthetic organism. 823 

To achieve this, we developed a metalloproteomic approach to isolate intracellular UraBP 824 

targets from cultured cell extracts. Among the 57 putative UraBPs identified, GRP7 emerged 825 

as a particularly compelling candidate and was selected for further in vitro characterization of 826 

its ability to interact with U(VI) and other metals. Integrated biochemical and structural analyses 827 

confirmed its ability to bind U(VI) at two distinct intramolecular sites within its RRM domain. 828 

Using solution-state NMR spectroscopy, we analyzed the structural and dynamic features of 829 

GRP7 in the presence of U(VI) revealing specific amino acid residues involved in U(VI) 830 

coordination and providing insights into conformational changes induced upon binding. 831 
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Notably, U(VI) interaction with GRP7 interfered with its RNA-binding function, suggesting a 832 

mechanistic contribution to U-induced toxicity in plants. These findings not only validate our 833 

methodological approach but also offer critical insight into how U(VI) interferes with essential 834 

RNA-binding proteins, potentially impairing key post-transcriptional regulatory processes. 835 

More broadly, the identification and structural characterization of UraBPs in plants represent a 836 

significant advance in the fields of radionuclide toxicology and phytoremediation. Our results 837 

shed light on the molecular mechanisms governing metal and radionuclide interactions in plant 838 

systems and contribute to a deeper understanding of plant tolerance and adaptation to 839 

contaminated environments. This knowledge opens new avenues for developing crops with 840 

enhanced metal tolerance, supporting sustainable agriculture and phytoremediation 841 

strategies. 842 

 843 

Environmental implications 844 

The characterization of uranyl-binding proteins (UraBPs) in plants, identified through in vitro 845 

and in vivo metalloproteomics, provides valuable insights into the mechanisms of uranium (U) 846 

chemical toxicity and detoxification. This fundamental knowledge is a prerequisite for the 847 

sustainable management of U contamination in polluted soils and throughout the food chain. 848 

Moreover, this understanding could drive the development of innovative biotechnological 849 

solutions for the remediation of contaminated water sources and the creation of biosensors. 850 

Such advancements may be achieved by optimizing U(VI)-binding sites on proteins or 851 

engineering derived mimetic peptides [20, 38, 55, 105]. 852 
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 892 

Figure Captions 893 

Figure 1. Strategies used for the identification of in cellulo U(VI)-binding proteins 894 

(UraBPs). Two sequential chromatographic strategies were used to identify candidate UraBPs 895 

from soluble proteins of A. thaliana cells exposed to uranyl nitrate. Uranium was quantified at 896 

each chromatographic step using ICP-MS. Strategy 1 prioritized the preservation of ionic 897 

bonds for a comprehensive UraBP analysis. It involved three steps: (1) High resolution Q-898 

Sepharose anion exchange chromatography, (2) size exclusion chromatography (SEC) on a 899 

Superdex 200 column, and (3) 2D-gel differential analysis of fractions collected from the middle 900 

and top of the eluted U peaks. Strategy 2 focused on isolating proteins with the highest affinity 901 

for U. It began with hydroxyapatite chromatography to remove low-affinity proteins, followed 902 

by Superdex 200 SEC and a final high-resolution step on a Q-Sepharose column. Candidate 903 

UraBPs were identified by nLC-MS/MS. 904 

 905 
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Figure 2. Fractionation by anion exchange chromatography of a soluble protein extract 906 

isolated from A. thaliana cells challenged with uranyl nitrate. This represents the first step 907 

of strategy 1 for identification of UraBPs. A. Three grams of soluble proteins from 200 g of A. 908 

thaliana cells, treated with 50 µM uranyl nitrate for 24 h, were separated on a Q-Sepharose 909 

HP column by aliquots of 300-400 mg of proteins (details are given in the Materials and 910 

Methods section). The protein profile is shown in black, U quantified in each eluted fraction by 911 

ICP-MS is shown in red, and the linear salt gradient from 0 to 0.6 M NaCl is in green. The 912 

elution revealed five distinct U peaks (1 to 5). This graph is representative of the same 913 

experiment performed 9 times independently. B. SDS-PAGE analyses of fractions eluted from 914 

the column, after Coomassie Blue staining. One fraction out of two, from 24 to 96, have been 915 

analyzed (10 µl/well). 916 

 917 

Figure 3. Strategy 2 for the identification of UraBPs from A. thaliana cells challenged 918 

with uranyl nitrate. A. The major U peak eluted from a Bio-gel HTP hydroxyapatite column 919 

(Supplementary Figure S6) was further chromatographed onto an HiLoad Superdex 200 920 

column. The protein profile is shown in black and U, quantified in each eluted fraction by ICP-921 

MS, is in red. Elution revealed five distinct U peaks (1 to 5). The elution of molecular weight 922 

markers (carbonic anhydrase, 29 kDa; cytochrome C, 12.4 kDa) in an independent 923 

chromatography is indicated by arrows. SDS-PAGE analysis of U peaks (0.2-1 µg protein from 924 

pooled peak fractions/ well), after silver staining is shown on the right. B. Uranium peak 5 from 925 

the SEC column was chromatographed on a Q-Sepharose HP column. The protein profile is 926 

in black, U profile in red, and the linear salt gradient from 0 to 0.6 M NaCl in green. The elution 927 

revealed one major U peak, eluted in fraction 26. SDS-PAGE analysis of U peak in fraction 26 928 

(Fr. 26, 10µl), after silver staining is shown on the right. 929 

 930 

Figure 4. NMR investigation of the apo GRP7 recombinant proteins. A. Overlay of the 1H-931 

15N correlation spectra of the full-length GRP7 (black contours) and GRP7 (red contours) 932 

recorded at 27°C and 700 MHz 1H frequency. Peaks are assigned by amino-acid type and 933 

residue number. Only the protein part from residues 5 to 86 give rise to NMR signals in these 934 

spectra. B. Conformational disorder score of the full-length GRP7 computed with the IUPred 935 

software and plotted as a function of the protein sequence. C. Secondary structural 936 

propensities of the N-terminal part of full-length GRP7 (5-86) computed a chemical shift index 937 

(CSI) from NMR chemical shifts using TALOS-N [69]. The helical score (positive) is plotted in 938 

black while the -strand score (negative) is plotted in blue. Secondary elements as identified 939 

from this CSI are plotted on top. 940 

 941 
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Figure 5. NMR characterization of the interaction between the full-length GRP7 and 942 

uranyl. A. Superposition of the amide 1H-15N spectra recorded for the apo GRP7 (red) and a 943 

1:2 GRP7:U mixture (black). GRP7 residues showing significant changes in peak intensity 944 

upon uranyl addition are highlighted by dashed circles and annotated. A small region of the 945 

methyl 1H-13C spectra, recorded on the same samples is shown as an insert. The NMR peak 946 

of residue A2 shows a small frequency shift between the two samples. B. NMR peak intensity 947 

ratios (GRP7-U complex/apo GRP7) computed for individual amide sites and plotted as a 948 

function of protein sequence. While for most residues this ration is close to 1 (no change in 949 

conformation and dynamics), some residues (annotated) experience an increase in peak 950 

intensity upon complex formation. C. Structural model of GRP7. The model was obtained with 951 

AlphaFold v2.0. All residues showing increased amide signal intensities or peak shifts of side 952 

chain resonances are located at the N- and C-terminal end of the structured domain, as well 953 

as in flexible loop regions. D. Translational diffusion NMR measurements (DOSY) show no 954 

difference in apparent particle size between the apo GRP7 (red) and the GRP7-U complex 955 

(black). 956 

 957 

Figure 6. Identification of putative uranyl-binding residues on recombinant A. thaliana 958 

GRP7. A. Alignment of the A. thaliana GRP7 and GRP8 RNA-recognition motif (RRM) domains 959 

with the uranyl-affine human orthologous RNA-binding proteins, ROA1, ROA2, D6R9P and 960 

HNRPD. Multiple sequence alignment was performed using ClustalW. Conserved Glu and Asp 961 

residues are indicated by black (strong consensus), grey (medium consensus) and light grey 962 

(Arabidopsis proteins only) arrows. Ribonucleoprotein (RNP) motifs within the RNA recognition 963 

motif domain are highlighted with red boxes. The non-canonical RNA interaction domain 964 

extension (Non-RNP) for Arabidopsis proteins is in the blue box. GRP7 residues sensitive to 965 

U(VI) in NMR are indicated by red stars. B. Structural model of GRP7. The model was 966 

obtained using Alphafold v2.0 and the image was produced using PyMOL (DeLano Scientific, 967 

SanCarlos, CA, USA) as a ribbon model colored in the “chainbows” mode. Position of NMR 968 

sensitive residues to U(VI) and neighboring Glu and Asp residues are displayed as red and 969 

purple sticks, respectively. 970 

 971 

Figure 7. Effect of mutations in the GRP7 uranyl-binding sites U1 and U2 on U(VI) 972 

binding stoichiometry. A. Position of NMR sensitive residues to U(VI) (represented as blue 973 

sticks) and neighboring Glu and Asp residues (red sticks) within the putative U1 and U2 GRP7 974 

uranyl-binding sites. Residues Asp42 and Glu44 for site U1, and Asp5 and Glu7 for site U2 975 

have been mutated to Ala in GRP7 mutants. B. Determination of U(VI) binding stoichiometry 976 

in GRP7 mutants. Uranium was determined using the arsenazo III assay in filtrates 977 
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(containing protein-U(VI) complexes) obtained by centrifugal size exclusion chromatography 978 

of GRP7, GRP7 and GRP7 mutants solutions (15 µM), incubated with 200 µM U(VI), in the 979 

presence of 150 µM iminodiacetic acid. See Material and Methods for experimental details. 980 

Values are mean ± SD of 4 independent measurements (Supplementary Figure S8); * p-value 981 

≤ 0.05; ** p-value ≤ 0.01; *** p-value ≤ 0.001; Dunnett test. 982 

 983 

Figure 8. Effect of oligonucleotide binding to the GRP7 RRM domain on protein 984 

interaction with U(VI). Uranium was determined using the arsenazo III assay in filtrates 985 

(containing protein-U(VI) complexes) obtained by centrifugal size exclusion chromatography 986 

of GRP7 solutions (15 µM) preincubated for 10 min with increasing concentrations of the 987 

single-stranded DNA oligonucleotide 5’ AGTTTCA 3’ or 5’ AAAAAAA 3’ (DNA:protein molar 988 

ratios ranging from 1:1 to 4:1), and subsequently incubated for 30 min with 60 µM U(VI) and 989 

150 µM iminodiacetic acid. See Material and Methods for experimental details. Values are 990 

mean ± SD of 3 independent measurements. 991 

 992 

 993 

References 994 

[1] E. Schnug, B.G. Lottermoser, Fertilizer-derived uranium and its threat to human health, Environ Sci 995 
Technol, 47 (2013) 2433-2434. https://doi.org/10.1021/es4002357 996 

[2] H. Vandenhove, European sites contaminated by residues from the ore-extracting and -processing 997 
industries, International Congress Series, 1225 (2002) 307-315. 998 
https://doi.org/https://doi.org/10.1016/S0531-5131(01)00525-8 999 

[3] N. Gao, Z. Huang, H. Liu, J. Hou, X. Liu, Advances on the toxicity of uranium to different organisms, 1000 
Chemosphere, 237 (2019) 124548. https://doi.org/10.1016/j.chemosphere.2019.124548 1001 

[4] S. Berthet, F. Villiers, C. Alban, N.B.C. Serre, J. Martin-Laffon, S. Figuet, A.M. Boisson, R. Bligny, M. 1002 
Kuntz, G. Finazzi, S. Ravanel, J. Bourguignon, Arabidopsis thaliana plants challenged with 1003 
uranium reveal new insights into iron and phosphate homeostasis, New Phytologist, 217 1004 
(2018) 657-670. https://doi.org/10.1111/nph.14865 1005 

[5] E. Saenen, N. Horemans, N. Vanhoudt, H. Vandenhove, G. Biermans, M. van Hees, J. Wannijn, J. 1006 
Vangronsveld, A. Cuypers, Oxidative stress responses induced by uranium exposure at low pH 1007 
in leaves of Arabidopsis thaliana plants, Journal of Environmental Radioactivity, 150 (2015) 36-1008 
43. https://doi.org/10.1016/j.jenvrad.2015.07.021 1009 

[6] N.B.C. Serre, C. Alban, J. Bourguignon, S. Ravanel, Uncovering the physiological and cellular effects 1010 
of uranium on the root system of Arabidopsis thaliana, Environmental and Experimental 1011 
Botany, 157 (2019) 121-130. https://doi.org/10.1016/j.envexpbot.2018.10.004 1012 

[7] N. Vanhoudt, H. Vandenhove, N. Horemans, D. Martinez Bello, M. Van Hees, J. Wannijn, R. Carleer, 1013 
J. Vangronsveld, A. Cuypers, Uranium induced effects on development and mineral nutrition 1014 
of Arabidopsis thaliana, Journal of Plant Nutrition, 34 (2011) 1940-1956. 1015 
https://doi.org/10.1080/01904167.2011.610482 1016 

[8] N. Vanhoudt, A. Cuypers, N. Horemans, T. Remans, K. Opdenakker, K. Smeets, D.M. Bello, M. 1017 
Havaux, J. Wannijn, M. Van Hees, J. Vangronsveld, H. Vandenhove, Unraveling uranium 1018 
induced oxidative stress related responses in Arabidopsis thaliana seedlings. Part II: Responses 1019 
in the leaves and general conclusions, Journal of Environmental Radioactivity, 102 (2011) 638-1020 
645. https://doi.org/10.1016/j.jenvrad.2011.03.013 1021 



29 
 

[9] N. Vanhoudt, N. Horemans, G. Biermans, E. Saenen, J. Wannijn, R. Nauts, M. Van Hees, H. 1022 
Vandenhove, Uranium affects photosynthetic parameters in Arabidopsis thaliana, 1023 
Environmental and Experimental Botany, 97 (2014) 22-29. 1024 
https://doi.org/10.1016/j.envexpbot.2013.09.009 1025 

[10] N. Vanhoudt, H. Vandenhove, N. Horemans, T. Remans, K. Opdenakker, K. Smeets, D.M. Bello, J. 1026 
Wannijn, M. Van Hees, J. Vangronsveld, A. Cuypers, Unraveling uranium induced oxidative 1027 
stress related responses in Arabidopsis thaliana seedlings. Part I: Responses in the roots, 1028 
Journal of Environmental Radioactivity, 102 (2011) 630-637. 1029 
https://doi.org/10.1016/j.jenvrad.2011.03.015 1030 

[11] F. Doustaly, F. Combes, J.B. Fiévet, S. Berthet, V. Hugouvieux, O. Bastien, I. Aranjuelo, N. 1031 
Leonhardt, C. Rivasseau, M. Carrière, A. Vavasseur, J.-P. Renou, Y. Vandenbrouck, J. 1032 
Bourguignon, Uranium perturbs signaling and iron uptake response in Arabidopsis thaliana 1033 
roots, Metallomics, 6 (2014) 809-821. https://doi.org/10.1039/c4mt00005f 1034 

[12] J.L. Lai, Z.W. Liu, C. Li, X.G. Luo, Analysis of accumulation and phytotoxicity mechanism of uranium 1035 
and cadmium in two sweet potato cultivars, J Hazard Mater, 409 (2021) 124997. 1036 
https://doi.org/10.1016/j.jhazmat.2020.124997 1037 

[13] J.L. Lai, Z.W. Liu, X.G. Luo, A metabolomic, transcriptomic profiling, and mineral nutrient 1038 
metabolism study of the phytotoxicity mechanism of uranium, J Hazard Mater, 386 (2020) 1039 
121437. https://doi.org/10.1016/j.jhazmat.2019.121437 1040 

[14] J.-l. Lai, D. Zhang-xuan, J.I. Xiao-hui, L. Xue-gang, Absorption and interaction mechanisms of 1041 
uranium & cadmium in purple sweet potato (Ipomoea batatas L.), Journal of Hazardous 1042 
Materials, 400 (2020) 123264. 1043 
https://doi.org/https://doi.org/10.1016/j.jhazmat.2020.123264 1044 

[15] J. Przybyla-Toscano, C. Chetouhi, L. Pennera, Y. Boursiac, A. Galeone, F. Devime, T. Balliau, V. 1045 
Santoni, J. Bourguignon, C. Alban, S. Ravanel, New insights into uranium stress responses of 1046 
Arabidopsis roots through membrane- and cell wall-associated proteome analysis, 1047 
Chemosphere, 370 (2025) 143873. 1048 
https://doi.org/https://doi.org/10.1016/j.chemosphere.2024.143873 1049 

[16] G. Creff, C. Zurita, A. Jeanson, G. Carle, C. Vidaud, C. Den Auwer, What do we know about actinides-1050 
proteins interactions?, Radiochimica Acta, 107 (2019) 993-1009. https://doi.org/10.1515/ract-1051 
2019-3120 1052 

[17] M.C.M. Sarthou, F. Devime, C. Baggio, S. Figuet, C. Alban, J. Bourguignon, S. Ravanel, Calcium-1053 
permeable cation channels are involved in uranium uptake in Arabidopsis thaliana, J Hazard 1054 
Mater, 424 (2022) 127436. https://doi.org/https://doi.org/10.1016/j.jhazmat.2021.127436 1055 

[18] W.A. John, B. Luckel, N. Matschiavelli, R. Hubner, S. Matschi, W. Hoehenwarter, S. Sachs, 1056 
Endocytosis is a significant contributor to uranium(VI) uptake in tobacco (Nicotiana tabacum) 1057 
BY-2 cells in phosphate-deficient culture, The Science of the total environment, 823 (2022) 1058 
153700. https://doi.org/10.1016/j.scitotenv.2022.153700 1059 

[19] Y.W. Lin, Uranyl binding to proteins and structural-functional impacts, Biomolecules, 10 (2020) 1060 
457. https://doi.org/10.3390/biom10030457 1061 

[20] A. Garai, P. Delangle, Recent advances in uranyl binding in proteins thanks to biomimetic peptides, 1062 
Journal of Inorganic Biochemistry, 203 (2020) 110936. 1063 
https://doi.org/10.1016/j.jinorgbio.2019.110936 1064 

[21] C. Basset, A. Dedieu, P. Guérin, E. Quéméneur, D. Meyer, C. Vidaud, Specific capture of uranyl 1065 
protein targets by metal affinity chromatography, Journal of Chromatography A, 1185 (2008) 1066 
233-240. https://doi.org/10.1016/j.chroma.2008.01.081 1067 

[22] A. Dedieu, F. Bérenguer, C. Basset, O. Prat, E. Quéméneur, O. Pible, C. Vidaud, Identification of 1068 
uranyl binding proteins from human kidney-2 cell extracts by immobilized uranyl affinity 1069 
chromatography and mass spectrometry, Journal of Chromatography A, 1216 (2009) 5365-1070 
5376. https://doi.org/10.1016/j.chroma.2009.05.023 1071 



30 
 

[23] C. Vidaud, M. Robert, E. Paredes, R. Ortega, E. Avazeri, L. Jing, J.M. Guigonis, C. Bresson, V. Malard, 1072 
Deciphering the uranium target proteins in human dopaminergic SH-SY5Y cells, Archives of 1073 
toxicology, 93 (2019) 2141-2154. https://doi.org/10.1007/s00204-019-02497-4 1074 

[24] A. Vallet, J. Martin-Laffon, A. Favier, B. Revel, T. Bonnot, C. Vidaud, J. Armengaud, J.C. Gaillard, P. 1075 
Delangle, F. Devime, S. Figuet, N.B.C. Serre, E.B. Erba, B. Brutscher, S. Ravanel, J. Bourguignon, 1076 
C. Alban, The plasma membrane-associated cation-binding protein PCaP1 of Arabidopsis 1077 
thaliana is a uranyl-binding protein, J Hazard Mater, 446 (2023) 130668. 1078 
https://doi.org/10.1016/j.jhazmat.2022.130668 1079 

[25] M.C.M. Sarthou, B.H. Revel, F. Villiers, C. Alban, T. Bonnot, O. Gigarel, A.-M. Boisson, S. Ravanel, J. 1080 
Bourguignon, Development of a metalloproteomic approach to analyse the response of 1081 
Arabidopsis cells to uranium stress, Metallomics, 12 (2020) 1302-1313. 1082 
https://doi.org/10.1039/d0mt00092b 1083 

[26] M.M. Bradford, A rapid and sensitive method for the quantitation of microgram quantities of 1084 
protein utilizing the principle of protein-dye binding, Analytical biochemistry, 72 (1976) 248-1085 
254. https://doi.org/10.1006/abio.1976.9999 1086 

[27] S. Triboulet, C. Aude-Garcia, M. Carriere, H. Diemer, F. Proamer, A. Habert, M. Chevallet, V. Collin-1087 
Faure, J.M. Strub, D. Hanau, A. Van Dorsselaer, N. Herlin-Boime, T. Rabilloud, Molecular 1088 
responses of mouse macrophages to copper and copper oxide nanoparticles inferred from 1089 
proteomic analyses, Molecular & cellular proteomics : MCP, 12 (2013) 3108-3122. 1090 
https://doi.org/10.1074/mcp.M113.030742 1091 

[28] S. Luche, H. Diemer, C. Tastet, M. Chevallet, A. Van Dorsselaer, E. Leize-Wagner, T. Rabilloud, 1092 
About thiol derivatization and resolution of basic proteins in two-dimensional electrophoresis, 1093 
Proteomics, 4 (2004) 551-561. https://doi.org/10.1002/pmic.200300589 1094 

[29] C. Tastet, P. Lescuyer, H. Diemer, S. Luche, A. van Dorsselaer, T. Rabilloud, A versatile 1095 
electrophoresis system for the analysis of high- and low-molecular-weight proteins, 1096 
Electrophoresis, 24 (2003) 1787-1794. https://doi.org/10.1002/elps.200305400 1097 

[30] P. Sinha, J. Poland, M. Schnolzer, T. Rabilloud, A new silver staining apparatus and procedure for 1098 
matrix-assisted laser desorption/ionization-time of flight analysis of proteins after two-1099 
dimensional electrophoresis, Proteomics, 1 (2001) 835-840. https://doi.org/10.1002/1615-1100 
9861(200107)1:7<835::AID-PROT835>3.0.CO;2-2 1101 

[31] B. Dalzon, J. Bons, H. Diemer, V. Collin-Faure, C. Marie-Desvergne, M. Dubosson, S. Cianferani, C. 1102 
Carapito, T. Rabilloud, A proteomic view of cellular responses to anticancer quinoline-copper 1103 
complexes, Proteomes, 7 (2019) 26. https://doi.org/10.3390/proteomes7020026 1104 

[32] C. Cavazza, V. Collin-Faure, J. Perard, H. Diemer, S. Cianferani, T. Rabilloud, E. Darrouzet, Proteomic 1105 
analysis of Rhodospirillum rubrum after carbon monoxide exposure reveals an important 1106 
effect on metallic cofactor biosynthesis, Journal of proteomics, 250 (2022) 104389. 1107 
https://doi.org/10.1016/j.jprot.2021.104389 1108 

[33] Y. Perez-Riverol, A. Csordas, J. Bai, M. Bernal-Llinares, S. Hewapathirana, D.J. Kundu, A. Inuganti, 1109 
J. Griss, G. Mayer, M. Eisenacher, E. Perez, J. Uszkoreit, J. Pfeuffer, T. Sachsenberg, S. Yilmaz, 1110 
S. Tiwary, J. Cox, E. Audain, M. Walzer, A.F. Jarnuczak, T. Ternent, A. Brazma, J.A. Vizcaino, The 1111 
PRIDE database and related tools and resources in 2019: improving support for quantification 1112 
data, Nucleic acids research, 47 (2019) D442-D450. https://doi.org/10.1093/nar/gky1106 1113 

[34] M.G. Casabona, Y. Vandenbrouck, I. Attree, Y. Coute, Proteomic characterization of Pseudomonas 1114 
aeruginosa PAO1 inner membrane, Proteomics, 13 (2013) 2419-2423. 1115 
https://doi.org/10.1002/pmic.201200565 1116 

[35] D. Bouyssie, A.M. Hesse, E. Mouton-Barbosa, M. Rompais, C. Macron, C. Carapito, A. Gonzalez de 1117 
Peredo, Y. Coute, V. Dupierris, A. Burel, J.P. Menetrey, A. Kalaitzakis, J. Poisat, A. Romdhani, O. 1118 
Burlet-Schiltz, S. Cianferani, J. Garin, C. Bruley, Proline: an efficient and user-friendly software 1119 
suite for large-scale proteomics, Bioinformatics, 36 (2020) 3148-3155. 1120 
https://doi.org/10.1093/bioinformatics/btaa118 1121 



31 
 

[36] Y. Coute, C. Bruley, T. Burger, Beyond Target-Decoy Competition: Stable Validation of Peptide and 1122 
Protein Identifications in Mass Spectrometry-Based Discovery Proteomics, Analytical 1123 
chemistry, 92 (2020) 14898-14906. https://doi.org/10.1021/acs.analchem.0c00328 1124 

[37] R. Pardoux, S. Sauge-Merle, D. Lemaire, P. Delangle, L. Guilloreau, J.-M. Adriano, C. Berthomieu, 1125 
Modulating uranium binding affinity in engineered calmodulin EF-Hand peptides: effect of 1126 
phosphorylation, PLoS ONE, 7 (2012) e41922-e41922. 1127 
https://doi.org/10.1371/journal.pone.0041922 1128 

[38] L. Zhou, M. Bosscher, C. Zhang, S. Ozcubukcu, L. Zhang, W. Zhang, C.J. Li, J. Liu, M.P. Jensen, L. Lai, 1129 
C. He, A protein engineered to bind uranyl selectively and with femtomolar affinity, Nature 1130 
chemistry, 6 (2014) 236-241. https://doi.org/10.1038/nchem.1856 1131 

[39] A. Favier, B. Brutscher, Recovering lost magnetization: polarization enhancement in biomolecular 1132 
NMR, Journal of biomolecular NMR, 49 (2011) 9-15. https://doi.org/10.1007/s10858-010-1133 
9461-5 1134 

[40] Z. Solyom, M. Schwarten, L. Geist, R. Konrat, D. Willbold, B. Brutscher, BEST-TROSY experiments 1135 
for time-efficient sequential resonance assignment of large disordered proteins, Journal of 1136 
biomolecular NMR, 55 (2013) 311-321. https://doi.org/10.1007/s10858-013-9715-0 1137 

[41] C.S. Johnson, Diffusion ordered nuclear magnetic resonance spectroscopy: principles and 1138 
applications, Progress in Nuclear Magnetic Resonance Spectroscopy, 34 (1999) 203-256. 1139 
https://doi.org/https://doi.org/10.1016/S0079-6565(99)00003-5 1140 

[42] A. Favier, B. Brutscher, NMRlib: user-friendly pulse sequence tools for Bruker NMR spectrometers, 1141 
Journal of biomolecular NMR, 73 (2019) 199-211. https://doi.org/10.1007/s10858-019-00249-1142 
1 1143 

[43] J. Laurette, C. Larue, C. Mariet, F. Brisset, H. Khodja, J. Bourguignon, M. Carrière, Influence of 1144 
uranium speciation on its accumulation and translocation in three plant species: oilseed rape, 1145 
sunflower and wheat, Environmental and Experimental Botany, 77 (2012) 96-107. 1146 
https://doi.org/10.1016/j.envexpbot.2011.11.007 1147 

[44] J. Misson, P. Henner, M. Morello, M. Floriani, T.-D. Wu, J.-L. Guerquin-Kern, L. Février, Use of 1148 
phosphate to avoid uranium toxicity in Arabidopsis thaliana leads to alterations of 1149 
morphological and physiological responses regulated by phosphate availability, Environmental 1150 
and Experimental Botany, 67 (2009) 353-362. 1151 
https://doi.org/10.1016/j.envexpbot.2009.09.001 1152 

[45] A. Cvetkovic, A.L. Menon, M.P. Thorgersen, J.W. Scott, F.L. Poole, 2nd, F.E. Jenney, Jr., W.A. 1153 
Lancaster, J.L. Praissman, S. Shanmukh, B.J. Vaccaro, S.A. Trauger, E. Kalisiak, J.V. Apon, G. 1154 
Siuzdak, S.M. Yannone, J.A. Tainer, M.W. Adams, Microbial metalloproteomes are largely 1155 
uncharacterized, Nature, 466 (2010) 779-782. https://doi.org/10.1038/nature09265 1156 

[46] Y. Eb-Levadoux, S. Frelon, O. Simon, C. Arnaudguilhem, R. Lobinski, S. Mounicou, In vivo 1157 
identification of potential uranium protein targets in zebrafish ovaries after chronic 1158 
waterborne exposure, Metallomics, 9 (2017) 525-534. https://doi.org/10.1039/c6mt00291a 1159 

[47] L. Qi, C. Basset, O. Averseng, E. Quemeneur, A. Hagege, C. Vidaud, Characterization of UO2(2+) 1160 
binding to osteopontin, a highly phosphorylated protein: insights into potential mechanisms 1161 
of uranyl accumulation in bones, Metallomics, 6 (2014) 166-176. 1162 
https://doi.org/10.1039/c3mt00269a 1163 

[48] C. Acharya, C.A. Blindauer, Unexpected Interactions of the Cyanobacterial Metallothionein SmtA 1164 
with Uranium, Inorganic Chemistry, 55 (2016) 1505-1515. 1165 
https://doi.org/10.1021/acs.inorgchem.5b02327 1166 

[49] C. Basset, O. Averseng, P.J. Ferron, N. Richaud, A. Hagege, O. Pible, C. Vidaud, Revision of the 1167 
biodistribution of uranyl in serum: is fetuin-A the major protein target?, Chemical research in 1168 
toxicology, 26 (2013) 645-653. https://doi.org/10.1021/tx400048u 1169 

[50] N. Gallois, B. Alpha-Bazin, N. Bremond, P. Ortet, M. Barakat, L. Piette, A. Mohamad Ali, D. Lemaire, 1170 
P. Legrand, N. Theodorakopoulos, M. Floriani, L. Fevrier, C. Den Auwer, P. Arnoux, C. 1171 
Berthomieu, J. Armengaud, V. Chapon, Discovery and characterization of UipA, a uranium- and 1172 



32 
 

iron-binding PepSY protein involved in uranium tolerance by soil bacteria, The ISME journal, 1173 
16 (2022) 705-716. https://doi.org/10.1038/s41396-021-01113-7 1174 

[51] F.A. Laporte, C. Lebrun, C. Vidaud, P. Delangle, Phosphate-rich biomimetic peptides shed light on 1175 
high-affinity hyperphosphorylated uranyl binding sites in phosphoproteins, Chemistry, 25 1176 
(2019) 8570-8578. https://doi.org/10.1002/chem.201900646 1177 

[52] C. Lebrun, M. Starck, V. Gathu, Y. Chenavier, P. Delangle, Engineering short peptide sequences for 1178 
uranyl binding, Chemistry, 20 (2014) 16566-16573. https://doi.org/10.1002/chem.201404546 1179 

[53] S. Safi, G. Creff, A. Jeanson, L. Qi, C. Basset, J. Roques, P.L. Solari, E. Simoni, C. Vidaud, C. Den 1180 
Auwer, Osteopontin: a uranium phosphorylated binding-site characterization, Chemistry, 19 1181 
(2013) 11261-11269. https://doi.org/10.1002/chem.201300989 1182 

[54] S. Safi, A. Jeanson, J. Roques, P.L. Solari, F. Charnay-Pouget, C. Den Auwer, G. Creff, D.J. Aitken, E. 1183 
Simoni, Thermodynamic and Structural Investigation of Synthetic Actinide–Peptide Scaffolds, 1184 
Inorganic Chemistry, 55 (2016) 877-886. https://doi.org/10.1021/acs.inorgchem.5b02379 1185 

[55] S. Sauge-Merle, F. Brulfert, R. Pardoux, P.L. Solari, D. Lemaire, S. Safi, P. Guilbaud, E. Simoni, M.L. 1186 
Merroun, C. Berthomieu, Structural analysis of uranyl complexation by the EF-Hand motif of 1187 
calmodulin: effect of phosphorylation, Chemistry, 23 (2017) 15505-15517. 1188 
https://doi.org/10.1002/chem.201703484 1189 

[56] J. Van Horn, H. Huang, Uranium(VI) bio-coordination chemistry from biochemical, solution and 1190 
protein structural data, Coordination Chemistry Reviews, 250 (2006) 765-775. 1191 
https://doi.org/10.1016/j.ccr.2005.09.010 1192 

[57] J.E. Sarry, L. Kuhn, C. Ducruix, A. Lafaye, C. Junot, V. Hugouvieux, A. Jourdain, O. Bastien, J.B. Fievet, 1193 
D. Vailhen, B. Amekraz, C. Moulin, E. Ezan, J. Garin, J. Bourguignon, The early responses of 1194 
Arabidopsis thaliana cells to cadmium exposure explored by protein and metabolite profiling 1195 
analyses, Proteomics, 6 (2006) 2180-2198. https://doi.org/10.1002/pmic.200500543 1196 

[58] C. Kaur, A. Ghosh, A. Pareek, S.K. Sopory, S.L. Singla-Pareek, Glyoxalases and stress tolerance in 1197 
plants, Biochemical Society transactions, 42 (2014) 485-490. 1198 
https://doi.org/10.1042/BST20130242 1199 

[59] D. Yang, X. Wang, G. Song, G. Zhao, Z. Chen, S. Yu, P. Gu, H. Wang, X. Wang, One-pot synthesis of 1200 
arginine modified hydroxyapatite carbon microsphere composites for efficient removal of 1201 
U(VI) from aqueous solutions, Science Bulletin, 62 (2017) 1609-1618. 1202 
https://doi.org/10.1016/j.scib.2017.10.018 1203 

[60] M. Lewinski, A. Steffen, N. Kachariya, M. Elgner, C. Schmal, N. Messini, T. Koster, M. Reichel, M. 1204 
Sattler, K. Zarnack, D. Staiger, Arabidopsis thaliana GLYCINE RICH RNA-BINDING PROTEIN 7 1205 
interaction with its iCLIP target LHCB1.1 correlates with changes in RNA stability and circadian 1206 
oscillation, The Plant journal : for cell and molecular biology, 118 (2024) 203-224. 1207 
https://doi.org/10.1111/tpj.16601 1208 

[61] C. Streitner, T. Koster, C.G. Simpson, P. Shaw, S. Danisman, J.W. Brown, D. Staiger, An hnRNP-like 1209 
RNA-binding protein affects alternative splicing by in vivo interaction with transcripts in 1210 
Arabidopsis thaliana, Nucleic acids research, 40 (2012) 11240-11255. 1211 
https://doi.org/10.1093/nar/gks873 1212 

[62] F. Xu, L. Wang, Y. Li, J. Shi, D. Staiger, F. Yu, Phase separation of GRP7 facilitated by FERONIA-1213 
mediated phosphorylation inhibits mRNA translation to modulate plant temperature 1214 
resilience, Molecular plant, 17 (2024) 460-477. https://doi.org/10.1016/j.molp.2024.02.001 1215 

[63] Z.Q. Fu, M. Guo, B.-r. Jeong, F. Tian, T.E. Elthon, R.L. Cerny, D. Staiger, J.R. Alfano, A type III effector 1216 
ADP-ribosylates RNA-binding proteins and quells plant immunity, Nature, 447 (2007) 284-288. 1217 
https://doi.org/10.1038/nature05737 1218 

[64] S. Cao, L. Jiang, S. Song, R. Jing, G. Xu, AtGRP7 is involved in the regulation of abscisic acid and 1219 
stress responses in arabidopsis, Cellular and Molecular Biology Letters, 11 (2006) 526-535. 1220 
https://doi.org/10.2478/s11658-006-0042-2 1221 

[65] J.S. Kim, H.J. Jung, H.J. Lee, K.A. Kim, C.H. Goh, Y. Woo, S.H. Oh, Y.S. Han, H. Kang, Glycine-rich 1222 
RNA-binding protein 7 affects abiotic stress responses by regulating stomata opening and 1223 



33 
 

closing in Arabidopsis thaliana, The Plant journal : for cell and molecular biology, 55 (2008) 1224 
455-466. https://doi.org/10.1111/j.1365-313X.2008.03518.x 1225 

[66] J.Y. Kim, W.Y. Kim, K.J. Kwak, S.H. Oh, Y.S. Han, H. Kang, Glycine-rich RNA-binding proteins are 1226 
functionally conserved in Arabidopsis thaliana and Oryza sativa during cold adaptation 1227 
process, Journal of Experimental Botany, 61 (2010) 2317-2325. 1228 
https://doi.org/10.1093/jxb/erq058 1229 

[67] K.J. Kwak, S.J. Park, J.H. Han, M.K. Kim, S.H. Oh, Y.S. Han, H. Kang, Structural determinants crucial 1230 
to the RNA chaperone activity of glycine-rich RNA-binding proteins 4 and 7 in Arabidopsis 1231 
thaliana during the cold adaptation process, Journal of Experimental Botany, 62 (2011) 4003-1232 
4011. https://doi.org/10.1093/jxb/err101 1233 

[68] Y.O. Kim, M. Safdar, H. Kang, J. Kim, Glycine-Rich RNA-Binding Protein AtGRP7 functions in nickel 1234 
and lead tolerance in Arabidopsis, Plants (Basel), 13 (2024) 187. 1235 
https://doi.org/10.3390/plants13020187 1236 

[69] Y. Shen, F. Delaglio, G. Cornilescu, A. Bax, TALOS+: a hybrid method for predicting protein 1237 
backbone torsion angles from NMR chemical shifts, Journal of biomolecular NMR, 44 (2009) 1238 
213-223. https://doi.org/10.1007/s10858-009-9333-z 1239 

[70] A. Mangeon, R.M. Junqueira, G. Sachetto-Martins, Functional diversity of the plant glycine-rich 1240 
proteins superfamily, Plant signaling & behavior, 5 (2010) 99-104. 1241 
https://doi.org/10.4161/psb.5.2.10336 1242 

[71] K. Meyer, T. Koster, C. Nolte, C. Weinholdt, M. Lewinski, I. Grosse, D. Staiger, Adaptation of iCLIP 1243 
to plants determines the binding landscape of the clock-regulated RNA-binding protein 1244 
AtGRP7, Genome biology, 18 (2017) 204. https://doi.org/10.1186/s13059-017-1332-x 1245 

[72] B. Revel, P. Catty, S. Ravanel, J. Bourguignon, C. Alban, High-affinity iron and calcium transport 1246 
pathways are involved in U(VI) uptake in the budding yeast Saccharomyces cerevisiae, J Hazard 1247 
Mater, 422 (2022) 126894. https://doi.org/10.1016/j.jhazmat.2021.126894 1248 

[73] T.S. Huynh, C. Vidaud, A. Hagege, Investigation of uranium interactions with calcium phosphate-1249 
binding proteins using ICP/MS and CE-ICP/MS, Metallomics, 8 (2016) 1185-1192. 1250 
https://doi.org/10.1039/c6mt00147e 1251 

[74] C. Vidaud, S. Gourion-Arsiquaud, F. Rollin-Genetet, C. Torne-Celer, S. Plantevin, O. Pible, C. 1252 
Berthomieu, E. Quemeneur, Structural consequences of binding of UO2(2+) to apotransferrin: 1253 
can this protein account for entry of uranium into human cells?, Biochemistry, 46 (2007) 2215-1254 
2226. https://doi.org/10.1021/bi061945h 1255 

[75] M.R. Beccia, S. Sauge-Merle, N. Bremond, D. Lemaire, P. Henri, C. Battesti, P. Guilbaud, S. Crouzy, 1256 
C. Berthomieu, Inter-Site Cooperativity of Calmodulin N-Terminal Domain and 1257 
Phosphorylation Synergistically Improve the Affinity and Selectivity for Uranyl, Biomolecules, 1258 
12 (2022) 1703. https://doi.org/10.3390/biom12111703 1259 

[76] S. Frelon, O. Guipaud, S. Mounicou, R. Lobinski, O. Delissen, F. Paquet, In vivo screening of proteins 1260 
likely to bind uranium in exposed rat kidney, Radiochimica Acta, 97 (2009) 367-373. 1261 
https://doi.org/10.1524/ract.2009.1619 1262 

[77] M. Xu, S. Frelon, O. Simon, R. Lobinski, S. Mounicou, Development of a non-denaturing 2D gel 1263 
electrophoresis protocol for screening in vivo uranium-protein targets in Procambarus clarkii 1264 
with laser ablation ICP MS followed by protein identification by HPLC–Orbitrap MS, Talanta, 1265 
128 (2014) 187-195. https://doi.org/10.1016/j.talanta.2014.04.065 1266 

[78] O. Carugo, Structural features of uranium-protein complexes, Journal of Inorganic Biochemistry, 1267 
189 (2018) 1-6. https://doi.org/10.1016/j.jinorgbio.2018.08.014 1268 

[79] O. Pible, P. Guilbaud, J.L. Pellequer, C. Vidaud, E. Quéméneur, Structural insights into protein–1269 
uranyl interaction: towards an in silico detection method, Biochimie, 88 (2006) 1631-1638. 1270 
https://doi.org/10.1016/j.biochi.2006.05.015 1271 

[80] C. Vidaud, A. Dedieu, C. Basset, S. Plantevin, I. Dany, O. Pible, E. Quemeneur, Screening of human 1272 
serum proteins for uranium binding, Chemical research in toxicology, 18 (2005) 946-953. 1273 
https://doi.org/10.1021/tx050038v 1274 



34 
 

[81] G. Montavon, C. Apostolidis, F. Bruchertseifer, U. Repinc, A. Morgenstern, Spectroscopic study of 1275 
the interaction of U(VI) with transferrin and albumin for speciation of U(VI) under blood serum 1276 
conditions, Journal of Inorganic Biochemistry, 103 (2009) 1609-1616. 1277 
https://doi.org/10.1016/j.jinorgbio.2009.08.010 1278 

[82] S.D. Ebbs, D.J. Brady, L.V. Kochian, Role of uranium speciation in the uptake and translocation of 1279 
uranium by plants, Journal of Experimental Botany, 49 (1998) 1183-1190. 1280 
https://doi.org/10.1093/jxb/49.324.1183 1281 

[83] J. Laurette, C. Larue, I. Llorens, D. Jaillard, P.H. Jouneau, J. Bourguignon, M. Carrière, Speciation of 1282 
uranium in plants upon root accumulation and root-to-shoot translocation: A XAS and TEM 1283 
study, Environmental and Experimental Botany, 77 (2012) 87-95. 1284 
https://doi.org/10.1016/j.envexpbot.2011.11.005 1285 

[84] P.S. Munasinghe, M.E. Elwood Madden, S.C. Brooks, A.S. Elwood Madden, Dynamic interplay 1286 
between uranyl phosphate precipitation, sorption, and phase evolution, Applied 1287 
Geochemistry, 58 (2015) 147-160. https://doi.org/10.1016/j.apgeochem.2015.04.008 1288 

[85] J.F. Briat, Roles of ferritin in plants, Journal of Plant Nutrition, 19 (1996) 1331-1342. 1289 
https://doi.org/10.1080/01904169609365202 1290 

[86] M. Xu, S. Frelon, O. Simon, R. Lobinski, S. Mounicou, Non-denaturating isoelectric focusing gel 1291 
electrophoresis for uranium-protein complexes quantitative analysis with LA-ICP MS, 1292 
Analytical and bioanalytical chemistry, 406 (2014) 1063-1072. 1293 
https://doi.org/10.1007/s00216-013-7033-8 1294 

[87] E. Ansoborlo, O. Prat, P. Moisy, C. Den Auwer, P. Guilbaud, M. Carriere, B. Gouget, J. Duffield, D. 1295 
Doizi, T. Vercouter, C. Moulin, V. Moulin, Actinide speciation in relation to biological processes, 1296 
Biochimie, 88 (2006) 1605-1618. https://doi.org/10.1016/j.biochi.2006.06.011 1297 

[88] J. Schmitz, A.W. Rossoni, V.G. Maurino, Dissecting the Physiological Function of Plant Glyoxalase I 1298 
and Glyoxalase I-Like Proteins, Frontiers in plant science, 9 (2018) 1618. 1299 
https://doi.org/10.3389/fpls.2018.01618 1300 

[89] M. Czolpinska, M. Rurek, Plant Glycine-Rich Proteins in Stress Response: An Emerging, Still 1301 
Prospective Story, Frontiers in plant science, 9 (2018) 302. 1302 
https://doi.org/10.3389/fpls.2018.00302 1303 

[90] A. Ziemienowicz, D. Haasen, D. Staiger, T. Merkle, Arabidopsis transportin1 is the nuclear import 1304 
receptor for the circadian clock-regulated RNA-binding protein AtGRP7, Plant Molecular 1305 
Biology, 53 (2003) 201-212. https://doi.org/10.1023/B:PLAN.0000009288.46713.1f 1306 

[91] S. Fan, Y. Zhang, S. Zhu, L. Shen, Plant RNA-binding proteins: Phase separation dynamics and 1307 
functional mechanisms underlying plant development and stress responses, Molecular plant, 1308 
17 (2024) 531-551. https://doi.org/10.1016/j.molp.2024.02.016 1309 

[92] H. Singh, H. Paithankar, C.S. Poojari, K. Kaur, S. Singh, R. Shobhawat, P. Singh, A. Kumar, V.S. Mithu, 1310 
Structural insights to the RRM-domain of the glycine-rich RNA-binding protein from Sorghum 1311 
bicolor and its role in cold stress tolerance in E. coli, International journal of biological 1312 
macromolecules, 282 (2024) 136668. https://doi.org/10.1016/j.ijbiomac.2024.136668 1313 

[93] F. Brulfert, S. Safi, A. Jeanson, E. Martinez-Baez, J. Roques, C. Berthomieu, P.-L. Solari, S. Sauge-1314 
Merle, É. Simoni, Structural Environment and Stability of the Complexes Formed Between 1315 
Calmodulin and Actinyl Ions, Inorganic Chemistry, 55 (2016) 2728-2736. 1316 
https://doi.org/10.1021/acs.inorgchem.5b02440 1317 

[94] S. Sauge-Merle, C. Lecomte-Pradines, P. Carrier, S. Cuiné, M. DuBow, Heavy metal accumulation 1318 
by recombinant mammalian metallothionein within Escherichia coli protects against elevated 1319 
metal exposure, Chemosphere, 88 (2012) 918-924. 1320 
https://doi.org/10.1016/j.chemosphere.2012.04.015 1321 

[95] L. Wang, T. Yang, B. Wang, Q. Lin, S. Zhu, C. Li, Y. Ma, J. Tang, J. Xing, X. Li, H. Liao, D. Staiger, Z. 1322 
Hu, F. Yu, RALF1-FERONIA complex affects splicing dynamics to modulate stress responses and 1323 
growth in plants, Science Advances, 6 (2020) eaaz1622. 1324 
https://doi.org/doi:10.1126/sciadv.aaz1622 1325 



35 
 

[96] C. Heintzen, M. Nater, K. Apel, D. Staiger, AtGRP7, a nuclear RNA-binding protein as a component 1326 
of a circadian-regulated negative feedback loop in Arabidopsis thaliana, Proceedings of the 1327 
National Academy of Sciences of the United States of America, 94 (1997) 8515-8520. 1328 
https://doi.org/10.1073/pnas.94.16.8515 1329 

[97] C. Schmal, P. Reimann, D. Staiger, A Circadian Clock-Regulated Toggle Switch Explains AtGRP7 and 1330 
AtGRP8 Oscillations in Arabidopsis thaliana, PLoS Computational Biology, 9 (2013) e1002986-1331 
e1002986. https://doi.org/10.1371/journal.pcbi.1002986 1332 

[98] D. Staiger, L. Zecca, D.A. Wieczorek Kirk, K. Apel, L. Eckstein, The circadian clock regulated RNA-1333 
binding protein AtGRP7 autoregulates its expression by influencing alternative splicing of its 1334 
own pre-mRNA, The Plant journal : for cell and molecular biology, 33 (2003) 361-371. 1335 
https://doi.org/10.1046/j.1365-313x.2003.01629.x 1336 

[99] J.S. Kim, S.J. Park, K.J. Kwak, Y.O. Kim, J.Y. Kim, J. Song, B. Jang, C.H. Jung, H. Kang, Cold shock 1337 
domain proteins and glycine-rich RNA-binding proteins from Arabidopsis thaliana can promote 1338 
the cold adaptation process in Escherichia coli, Nucleic acids research, 35 (2007) 506-516. 1339 
https://doi.org/10.1093/nar/gkl1076 1340 

[100] H.J. Lee, J.S. Kim, S.J. Yoo, E.Y. Kang, S.H. Han, K.Y. Yang, Y.C. Kim, B. McSpadden Gardener, H. 1341 
Kang, Different roles of glycine-rich RNA-binding protein7 in plant defense against 1342 
Pectobacterium carotovorum, Botrytis cinerea, and tobacco mosaic viruses, Plant physiology 1343 
and biochemistry : PPB, 60 (2012) 46-52. https://doi.org/10.1016/j.plaphy.2012.07.020 1344 

[101] C. Streitner, S. Danisman, F. Wehrle, J.C. Schoning, J.R. Alfano, D. Staiger, The small glycine-rich 1345 
RNA binding protein AtGRP7 promotes floral transition in Arabidopsis thaliana, The Plant 1346 
journal : for cell and molecular biology, 56 (2008) 239-250. https://doi.org/10.1111/j.1365-1347 
313X.2008.03591.x 1348 

[102] T. Koster, K. Meyer, C. Weinholdt, L.M. Smith, M. Lummer, C. Speth, I. Grosse, D. Weigel, D. 1349 
Staiger, Regulation of pri-miRNA processing by the hnRNP-like protein AtGRP7 in Arabidopsis, 1350 
Nucleic acids research, 42 (2014) 9925-9936. https://doi.org/10.1093/nar/gku716 1351 

[103] J.C. Schoning, C. Streitner, I.M. Meyer, Y. Gao, D. Staiger, Reciprocal regulation of glycine-rich 1352 
RNA-binding proteins via an interlocked feedback loop coupling alternative splicing to 1353 
nonsense-mediated decay in Arabidopsis, Nucleic acids research, 36 (2008) 6977-6987. 1354 
https://doi.org/10.1093/nar/gkn847 1355 

[104] Y. Fukao, A. Ferjani, M. Fujiwara, Y. Nishimori, I. Ohtsu, Identification of zinc-responsive proteins 1356 
in the roots of arabidopsis thaliana using a highly improved method of two-dimensional 1357 
electrophoresis, Plant and Cell Physiology, 50 (2009) 2234-2239. 1358 
https://doi.org/10.1093/pcp/pcp154 1359 

[105] K. Kuroda, K. Ebisutani, K. Iida, T. Nishitani, M. Ueda, Enhanced adsorption and recovery of uranyl 1360 
ions by NikR mutant-displaying yeast, Biomolecules, 4 (2014) 390-401. 1361 
https://doi.org/10.3390/biom4020390 1362 

 1363 



Figure 1. Strategies used for the identification of in cellulo U(VI)-binding proteins

(UraBPs). Two sequential chromatographic strategies were used to identify candidate UraBPs

from soluble proteins of A. thaliana cells exposed to uranyl nitrate. Uranium was quantified at

each chromatographic step using ICP-MS. Strategy 1 prioritized the preservation of ionic

bonds for a comprehensive UraBP analysis. It involved three steps: (1) High resolution Q-

Sepharose anion exchange chromatography, (2) size exclusion chromatography on a

Superdex 200 column, and (3) 2D-gel differential analysis of fractions collected from the

middle and top of the eluted U peaks. Strategy 2 focused on isolating proteins with the highest

affinity for U. It began with hydroxyapatite chromatography to remove low-affinity proteins,

followed by Superdex 200 size exclusion chromatography and a final high-resolution step on a
Q-Sepharose column. Candidate UraBPs were identified by nLC-MS/MS.



Figure 2. Fractionation by anion exchange chromatography of a soluble protein

extract isolated from A. thaliana cells challenged with uranyl nitrate. This

represents the first step of strategy 1 for identification of UraBPs. A. Three grams of

soluble proteins from 200 g of A. thaliana cells, treated with 50 µM uranyl nitrate for 24

h, were separated on Q-Sepharose HP column by aliquots of 300-400 mg of proteins

(details are given in the Materials and Methods section). The protein profile is shown in

black, U quantified in each eluted fraction by ICP-MS is in red and the linear salt

gradient from 0 to 0.6 M NaCl is in green. The elution revealed five distinct U peaks (1

to 5). This graph is representative of the same experiment performed 9 times

independently. B. SDS-PAGE analyses of fractions eluted from the column, after

Coomassie Blue staining. One fraction over two, from 24 to 96, have been analyzed

(10 µl/well).
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Figure 3. Strategy 2 for the identification of UraBPs from A. thaliana cells

challenged with uranyl nitrate. A. The major U peak eluted from a Bio-gel HTP

hydroxyapatite column (Supplementary Figure S6) was further chromatographed onto an

HiLoad Superdex 200 column. The protein profile is in black and U, quantified in each

eluted fraction by ICP-MS, is in red. Elution revealed five distinct U peaks (1 to 5). The

elution of molecular weight markers (carbonic anhydrase, 29 kDa; cytochrome C, 12.4

kDa) in an independent chromatography is indicated by arrows. SDS-PAGE analysis of U

peaks (0.2-1 µg protein from pooled peak fractions/ well), after silver staining is shown on

the right. B. Uranium peak 5 from the SEC column was chromatographed on a Q-

Sepharose HP column. The protein profile is in black, U profile in red, and the linear salt

gradient from 0 to 0.6 M NaCl in green. The elution revealed one major U peak, eluted in

fraction 26. SDS-PAGE analysis of U peak in fraction 26 (Fr. 26, 10µl), after silver staining

is shown on the right.
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Figure 4. NMR investigation of the apo GRP7 recombinant proteins. A. Overlay of the 1H-15N correlation spectra of the full-length GRP7

(black contours) and GRP7D (red contours) recorded at 27°C and 700 MHz 1H frequency. Peaks are assigned by amino-acid type and residue

number. Only the protein part from residues 5 to 86 give rise to NMR signals in these spectra. B. Conformational disorder score of the full-

length GRP7 computed with the IUPred software and plotted as a function of the protein sequence. C. Secondary structural propensities of the

N-terminal part of the full-length GRP7 (5-86) computed a chemical shift index (CSI) from NMR chemical shifts using TALOS-N (Shen et al.,

2009). The helical score (positive) is plotted in black while the b-strand score (negative) is plotted in blue. Secondary elements as identified

from this CSI are plotted on top.
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Figure 5. NMR characterization of the interaction between the full-length GRP7 interaction with uranyl. A. Superposition of the

amide 1H-15N spectra recorded for the apo GRP7 (red) and a 1:2 GRP7:U mixture (black). GRP7 residues showing significant changes

in peak intensity upon uranyl addition are highlighted by dashed circles and annotated. A small region of the methyl 1H-13C spectra,

recorded on the same samples is shown as an insert. The NMR peak of residue A2 shows a small frequency shift between the two

samples. B. NMR peak intensity ratios (GRP7-U complex/apo GRP7) computed for individual amide sites and plotted as a function of

protein sequence. While for most residues this ration is close to 1 (no change in conformation and dynamics), some residues

(annotated) experience an increase in peak intensity upon complex formation. C. Structural model of GRP7. The model was obtained

with AlphaFold v2,0. All residues showing increased amide signal intensities or peak shifts of side chain resonances are located at the

N- and C-terminal end of the structured domain, as well as in flexible loop regions. D. Translational diffusion NMR measurements

(DOSY) show no difference in apparent particle size between the apo GRP7 (red) and the GRP7-U complex (black).



Figure 6. Identification of putative uranyl-binding residues on recombinant A.

thaliana GRP7. A. Alignment of the A. thaliana GRP7 and GRP8 RNA-recognition motif

(RRM) domains with the uranyl-affine human orthologous RNA-binding proteins, ROA1

(Uniprot ID: P09651), ROA2 (Uniprot ID: P22626), D6R9P (Uniprot ID: D6R9P3) and

HNRPD (Uniprot ID: Q14103). Multiple sequence alignment was performed using

ClustalW. Conserved Glu and Asp residues are indicated by black (strong consensus),

grey (medium consensus) and light grey (Arabidopsis proteins only) arrows.

Ribonucleoprotein (RNP) motifs within the RNA recognition motif domain are highlighted

with red boxes. The non-canonical RNA interaction domain extension (Non-RNP) For

Arabidopsis proteins is in the blue box. GRP7 residues sensitive to U(VI) in NMR are

indicated by red stars. B. Structural model of GRP7D. The model was obtained using

Alphafold v2.0 and the image was produced using PyMOL (DeLano Scientific,

SanCarlos, CA, USA) as a ribbon model colored in the “chainbows” mode. Position of

NMR sensitive residues to U(VI) and neighboring Glu and Asp residues are displayed as

red and purple sticks, respectively.
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sp|Q03250|GRP7     1 -----------MASGDV------------------EYRCFVGGLAWATDDRALETAFAQY

sp|Q03251|GRP8     1 -------------MSEV------------------EYRCFVGGLAWATNDEDLQRTFSQF

sp|P09651|ROA1     1 -----MSKSESPKEPEQ------------------LRKLFIGGLSFETTDESLRSHFEQW

sp|P22626|ROA2     3 KTLETVPLERKKREKEQ------------------FRKLFIGGLSFETTEESLRNYYEQW
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Figure 7. Effect of mutations in the GRP7D uranyl-binding sites U1 and U2 on U(VI)

binding stoichiometry. A. Position of NMR sensitive residues to U(VI) (represented as

blue sticks) and neighboring Glu and Asp residues (red sticks) within the putative U1 and

U2 GRP7D uranyl-binding sites. Residues Asp42 and Glu44 for site U1, and Asp5 and Glu7

for site U2 have been mutated to Ala in GRP7D mutants. B. Determination of U(VI) binding

stoichiometry in GRP7D mutants. Uranium was determined using the arsenazo III assay in

filtrates (containing protein-U(VI) complexes) obtained by centrifugal size exclusion

chromatography of GRP7, GRP7D and GRP7D mutants solutions (15 µM), incubated with

200 µM U(VI), in the presence of 150 µM iminodiacetic acid. See Material and Methods for
experimental details. Values are mean ± SD of 4 independent measurements (Sup. Figure

S8); * p-value ≤ 0.05; ** p-value ≤ 0.01; *** p-value ≤ 0.001; Dunnett test.
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Figure 8. Effect of oligonucleotide binding to the GRP7 RRM domain on protein

interaction with U(VI). Uranium was determined using the arsenazo III assay in filtrates

(containing protein-U(VI) complexes) obtained by centrifugal size exclusion chromatography of

GRP7D solutions (15 µM) preincubated for 10 min with increasing concentrations of the single-

stranded DNA oligonucleotide 5’ AGTTTCA 3’ or 5’ AAAAAAA 3’, and subsequently incubated

for 30 min with 60 µM U(VI) and 150 µM iminodiacetic acid. See Material and Methods for
experimental details. Values are mean ± SD of 3 independent measurements.
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Oligonucleotide name Sequence (5’ → 3’)

GRP7 cloning and expression

• NCoI-GRP7_5’ GAGAGACCATGGCGTCCGGTGATGTTGAG

• SalI-GRP7_3’ GAGAGTCGACTTACCATCCTCCACCACCACC

• SalI-GRP7D_3’ GAGAGTCGACTTAACCGCTTCCTCGTGACTGAGC

Mutagenesis

• GRP7_Site U1_For (D42A/E44A) CAAGATCATTAACGCTCGTGCGACTGGAAGATCAA

GGGGATTCGG

• GRP7_Site U1_Rev (D42A/E44A) CCGAATCCCCTTGATCTTCCAGTCGCACGAGCGTT

AATGATCTTG

• GRP7_Site U1’_For (D42A/E44A/S48A) CAAGATCATTAACGCTCGTGCGACTGGAAGAGCAA

GGGGATTCGG

• GRP7_Site U1’_Rev (D42A/E44A/S48A) CCGAATCCCCTTGCTCTTCCAGTCGCACGAGCGTT

AATGATCTTG

• GRP7_Site U2_For (D5A/E7A) GGCGTCCGGTGCTGTTGCGTATCGGTGCTTC 

• GRP7_Site U2_Rev (D5A/E7A) GAAGCACCGATACGCAACAGCACCGGACGCC 

• GRP7_Site U2’_For (S86A) GTTAACGAGGCTCAGGCACGAGGAAGCGG

• GRP7_Site U2’_Rev (S86A) CCGCTTCCTCGTGCCTGAGCCTCGTTAAC

Competition oligo ssDNA vs U(VI)

• 7mer ssDNA AGTTTCA

• 7mer polyA AAAAAAA

Supplementary Table S1. Synthetic oligonucleotides used in this study.



Supplementary Figure S1. Impact of uranium on the growth of A. thaliana cultured

cells. Cells were grown in Murashige and Skoog medium to exponential phase (4 days

after subculture) and then exposed to 50 µM uranyl nitrate in 100 ml medium with low

phosphate (30 µM instead of 1.5 mM in regular medium) concentration (LP) or no

phosphate (NP), for 0, 24h and 48h. After harvesting, the cells were washed with 10 mM
sodium carbonate followed by water before fresh weight measurement. Data are mean ±

SD of 3 independent measurements.
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Supplementary Figure S2. Uranium distribution in A. thaliana cells exposed to 50

µM uranyle nitrate in medium depleted with phosphate. A. thaliana cell cultures

concentrated to 2.5 g of fresh material per 100 ml of phosphate-depleted medium were

exposed to 50 µM uranyl nitrate for 24 hours. After harvesting, the cells were washed with

10 mM sodium carbonate followed by water before cell disruption. The proportion of

soluble and insoluble U was determined by ICP-MS by measuring U in the supernatant

after cell lysis and centrifugation (see Materials and Methods). The soluble fraction

consists of protein-bound U (orange) and "free" U (yellow). The latter two components are

determined by ultrafiltration of the supernatant on a 3K filter. Uranium retained is bound to

proteins larger than 3 kDa, whereas U found in the filtrate is considered to be 'free' or

bound to small molecules (metabolites or peptides). The proportion of U in the insoluble

form is shown in green and is determined by the difference between total U and that found
in the soluble form. Data are mean ± SD of 5 independent measurements.

Insoluble : 83 ± 2.9 %

Soluble : 17 ± 2.9 %

8.4 ± 0.3 %

(bound)

8.6 ± 0.3% (free)
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Supplementary Figure S3. Second fractionation step of strategy 1 for the identification

of UraBPs. Proteins present in the U peaks 1 to 4 obtained after the first Q-Sepharose step

(Figure 2) were separated by size exclusion chromatography on a Hiload Superdex 200

column. Peak 1 (A) gives rise to three U peaks (1.I to 1.III). Peak 2 (B) to four U peaks (2.I to

2.IV) and peak 3 (C) and 4 (D) to only one U peak (3.I and 4.I, respectively). The protein

profiles are shown in black and U profiles in red. SDS-PAGE gels are shown under the

corresponding chromatographic profiles. Aliquots (10 µl) of one eluted fraction out of two were

analyzed. Fraction numbers are given.
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Spot 

number

Intensities Fold change

Left Top Right Left Right

1 0.055 0.123 0.055 2.23 2.24

2 0.062 0.105 0.058 1.70 1.81

3 0.055 0.109 0.041 1.97 2.65

4 0.020 0.095 0.030 4.70 3.16

5 0.127 0.230 0.230 1.82 1.00

6 0.084 0.076 0.033 0.90 2.32

7 0.050 0.081 0.027 1.63 2.96

8 0.060 0.101 0.030 1.68 3.34

9 0.031 0.054 0.021 1.76 2.59

10 0.027 0.039 0.016 1.45 2.49

11 0.029 0.035 0.029 1.23 1.24

12 0.073 0.077 0.054 1.05 1.42

13 0.029 0.069 0.027 2.37 2.54

14 0.024 0.050 0.019 2.12 2.62

15 0.568 0.574 0.507 1.01 1.13

16 0.945 0.956 0.776 1.01 1.23

C

A

21 31 41 51 61 71

0

5

10

15

20

25

30

35

40

0

500

1 000

1 500

2 000

2 500

30 110

Peak 1.I

Fractions

[U
] 

(µ
g

/L
)

A
2
8
0
n
m

(m
A

U
)

Left

Right
Top

B

Supp. Figure S4 (see next page for legend) 



Supplementary Figure S4. Identification of putative UraBPs present in Peak 1.I

by quantitative analysis of 2D-PAGE. A. Superdex 200 column chromatography of

peak 1 proteins from the Q-Sepharose column chromatography (Figure 2). B. 2D gel

separation of fractions. C. Normalized relative intensity of the identified spot

candidates. Three fractions of the peak 1.I (panel A) were analyzed on 2D gels

stained with silver nitrate: the fraction at the top of the U peak and fractions of the left

and right sides of the peak. Arrows show candidate protein spots whose relative

intensity correlates with the U peak and which were analyzed and identified by mass

spectrometry. The relative intensities of the protein spots were analyzed using the

delta2D software and are shown in panel C, with the intensities of each candidate

spot, selected according to either the strong criterion (bold) or the standard criterion

(normal) (see the definition of these criteria in the main text), in the left, top and right

fractions of the peak. Variations of spot intensities between the top of the peak and

the left side (Fold change - left) and between the top of the peak and the right side

(Fold change - right) are shown. The results presented are representative of two

independent experiments.



Spot number
Intensities Fold change

Left Top Right Left Right
1 0.088 0.106 0.088 1.20 1.20

2 0.050 0.061 0.057 1.23 1.07

3 0.009 0.004 0.004 0.47 1.09

4 0.074 0.124 0.099 1.67 1.25

5 0.158 0.160 0.153 1.01 1.05

6 0.029 0.075 0.039 2.59 1.94

7 0.012 0.026 0.016 2.05 1.61

8 0.005 0.010 0.008 1.93 1.34

9 0.085 0.121 0.109 1.42 1.12

10 0.040 0.048 0.033 1.19 1.46

11 0.036 0.054 0.025 1.51 2.16

12 0.003 0.005 0.002 1.45 2.31

13 0.016 0.022 0.009 1.42 2.49

14 0.055 0.070 0.061 1.27 1.16

15 0.044 0.064 0.050 1.46 1.28

16 0.081 0.123 0.103 1.51 1.20

17 0.055 0.097 0.078 1.75 1.25

18 0.133 0.182 0.131 1.37 1.39

19 0.078 0.093 0.073 1.18 1.26

20 0.061 0.116 0.084 1.89 1.38

21 0.294 0.304 0.299 1.04 1.02

22 0.343 0.409 0.389 1.19 1.05

23 0.008 0.022 0.016 2.85 1.41

24 0.085 0.121 0.109 1.42 1.11

25 0.032 0.069 0.061 2.15 1.12

26 0.076 0.114 0.096 1.50 1.19

27 0.042 0.050 0.031 1.20 1.62

28 0.050 0.065 0.038 1.30 1.71

29 0.238 0.267 0.263 1.12 1.01
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Supplementary Figure S5. Identification of putative UBP present in Peak 1.III by

quantitative analysis by 2D-PAGE. A. Superdex 200 column chromatography of peak

1 proteins from Q-Sepharose column chromatography (Figure 2) B. 2D gel separation

of fractions. C. Normalized relative intensity of identified candidate spots. Three

fractions of the peak 1.III (panel A) were analyzed on 2D gels stained with silver nitrate:

the fraction at the top of the U peak and fractions of the left and right sides of the peak.

Arrows show candidate protein spots whose relative intensity correlates with the U

peak and which were analyzed and identified by mass spectrometry. The relative

intensities of the protein spots were analyzed using the delta2D software and are

shown in panel C, with the intensities of each candidate spot, selected according to

either the strong criterion (bold) or the standard criterion (normal) (see the definition of

these criteria in the main text), in the left, top and right fractions of the peak. Variations

of spot intensities between the top of the peak and the left side (Fold change - left) and

between the top of the peak and the right side (Fold change - right) are shown. The

results presented are representative of two independent experiments. An example of

spot analysis (spot 20) is given on the right.
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Supplementary Figure S6. Fractionation of UraBPs according to strategy 2. Soluble proteins (250 mg in total) from 13 g of A. thaliana cells

treated with 50 µM uranyl nitrate for 24 h, were separated on three successive chromatographic steps: an HTP hydroxyapatite column, a Hiload

Superdex 200 column, and a Q-Sepharose HP column. Protein profiles are shown in black and U is shown in red. After the first hydroxyapatite step, a

large U peak was recovered for fractionation on the Superdex 200 column. The U profile from this column was separated into five distinct peaks (1 to

5). Each of these peaks was loaded onto the Q-Sepharose column and the proteins were eluted with a 0 to 1 M NaCl salt gradient (shown in green).

SDS-PAGE analyses of the eluted fractions (10 µL/well) are shown next to each profile. Fraction numbers of U peaks are given.
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Supplementary Figure S7. Purification of recombinant GRP7 and determination of its

oligomerization state. A. Documentation of GRP7 purification. Polypeptides were

separated by SDS-PAGE 12 % and stained with Coomassie Brilliant Blue. Lane 1: soluble

proteins (25 μg) from E. coli Rosetta cells harboring pET28-GRP7 construct grown in the

presence of IPTG; Lane 2: ammonium sulfate 40-60 % of saturation precipitating fraction (25

μg); Lane 3: Q-Sepharose column pool (10 μg); Lane 4: Superdex 75 column pool (8 μg); M,

molecular mass markers. B. Apparent molecular mass estimation of native recombinant

GRP7 and GRP7:U(VI) complex by gel filtration. Purified protein (100 µM) preincubated (in

red) or not (in blue) with 500 µM uranyl nitrate was resolved by size exclusion

chromatography onto a Superdex 200 Increase 10/300 GL column. Eluted fractions were

analyzed by SDS-PAGE. Standard proteins for column calibration (inset) were ferritin (440

kDa), covalbumin (75 kDa), carbonic anhydrase (29 kDa), and ribonuclease A (13.7 kDa).

Kav = (Ve-Vo)/(Vt-Vo); Ve, elution volume; Vo, void volume; Vt, total volume.



Equivalent U in filtrate

assay

1

assay

2

assay

3

assay

4
Mean SD

GRP7 2.47 2.19 1.97 1.94 2.14 0.25

GRP7D 1.82 1.79 2.31 2.31 2.05 0.27

GRP7DU1mut 1.14 1.39 0.95 1.33 1.20 0.18

GRP7DU2mut
1.49 1.42 1.67 1.73 1.57 0.13

GRP7DU1_U2mut 0.31 0.23 0.22 0.24 0.25 0.04

GRP7 15 μM 

U(VI) 200 µM

GRP7_U(VI)

Free U(VI)

A

Supplementary Figure S8. Determination of U(VI) binding to recombinant GRP7

protein variants. A. Schematic illustration of the U(VI)-binding assay and the removal of

unbound metal by centrifugal size exclusion chromatography. B. Quantification of U in

filtrates (protein-U(VI) complexes) by the arsenazo III assay. Uranium to protein ratios are

indicated. Detailed assay conditions are described in the Material and Methods section. Each

assay was repeated four times.

B



Supplementary Figure S9. Documentation of the purification

process for GRP7 variants used in this study. Polypeptides in

5-10 µl aliquots of fractions collected from the Superdex 75

column (final purification step) were separated by SDS-PAGE

and stained with Coomassie Brilliant Blue. A. Purification of 6His-

tagged GRP7, for antibody production (see Materials and

Methods). B. Purification of 15N and 13C-labelled full-length

GRP7. C. Purification of GRP7D. D. Purification of 15N and 13C-

labelled GRP7D. E., F. and G. Purification of GRP7DU1mut,

GRP7DU2mut and GRP7DU1_U2mut, respectively. The purified

fractions selected for subsequent experiments are indicated by

red stars. Molecular mass markers are shown on the left. The

complete purification procedure for full-length, unlabeled GRP7 is

shown in Supplementary Figure S7.
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Supplementary Figure S10. NMR

characterization of the interaction

between GRP7D and U(VI). A. NMR

peak intensity ratios (1:2 GRP7D:U

complex / apo GRP7D) computed for

individual amide sites and plotted as a

function of protein sequence. B. 15N

relaxation time T2 measured for the apo

GRP7D (red bars) and a 1:2 GRP7D:U

mixture (black bars). C. Superposition of
1H-13C spectral regions recorded for the

apo GRP7D (red) and a 1:2 GRP7D:U

mixture (blue). Similar to the full-length

GRP7, the side chain resonances of

Ala-2 show peak shifts upon uranyl

binding.




