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Uranyl ions (UO2
2+) were shown to interact with a number of foetal serum proteins, leading to the 

formation of a complex that could be isolated by ultracentrifugation. The molecular weight of the 

complex was estimated based on size-exclusion chromatography as 650,000 Da. Online ICP AES 

detection indicated that UO2
2+ in the complex co-eluted with minor amounts calcium and phosphorous, 

but not with magnesium. A 1D gel electrophoresis of the U-complex produced more than 10 bands of 10 

similar intensity compared with only 2-3 intense bands corresponding to the main serum proteins in the 

control serum, indicative of the specific interaction of UO2
2+ with minor proteins. A proteomics approach 

allowed for the identification of 74 proteins in the complex. Analysis of the protein-protein interaction 

network in the UO2
2+ complex identified 32 proteins responsible for protein-protein complex formation 

and 34 with demonstrated ion-binding function, suggesting that UO2
2+ stimulates the formation of protein 15 

functional networks rather than using a particular molecule as its target. 

Introduction

 As a consequence of an increasing number of industrial and 

military applications, the environmental burden of UO2
2+ (mostly 

depleted) has been steadily increasing.1,2 Uranium shows a weak 20 

natural radioactivity, but its principal toxicity is chemical as 

demonstrated based on various biological models in a number of 

recent studies.3,4,5,6 The most common in biological systems  U 

species is UO2
2+. Its main carrier in mammals blood serum, 

which is responsible for the delivery of U(IV) to different target 25 

tissues such as bone7,8, kidney9,10, and brain.11,12 Therefore, the 

reactivity of UO2
2+ in serum and its interactions with molecular 

targets, especially proteins, are important to understand its 

toxicity and tissue uptake, and have been the topic of several 

studies.13,14,15,16,17,18 30 

 In serum, UO2
2+ ions are involved in numerous exchange 

reactions, leading to equilibria among low molecular species and 

proteins.15 The highly soluble UO2
2+ carbonate complex is readily 

removed from an organism, which is the basis of detoxification 

treatments.19 In less soluble forms, potentially in phosphate 35 

and/or protein complexes, UO2
2+ can be accumulated in the 

kidney and cause toxic effects. 9,20  

 The equilibria among UO2
2+ low molecular weight and protein 

complexes depend on the concentration of carbonate and 

phosphate, and also on that of calcium.14,15,21,22 The relatively 40 

insignificant differences between the binding constants of UO2
2+ 

complexes with several small ligands and proteins are responsible 

for the dynamics and complexity of the reactivity of UO2
2+ in 

serum.15  

 Analogies between the UO2
2+ and calcium ions, which both 45 

show a high affinity to phosphate, were reported in terms of 

biocoordination reactions and subsequent tissue distribution.15,14 

The similarity of the Ca2+ and UO2
2+ biomineralisation pathways 

was highlighted based on UO2
2+ accumulation in bones.7,8,23,24 

The formation of calcium phosphate aggregates in serum has 50 

been observed,25 as has the formation of ternary calcium-

phosphate-protein complexes that form spontaneously to inhibit 

the calcification of soft tissues.25,26 Studies on the potential 

involvement of UO2
2+ in these processes led to the observation of 

a relatively soluble ternary Ca-UO2
2+-phosphate or UO2

2+-55 

phosphate species27,28 that could further interact with serum 

proteins involved in biomineralisation processes.  

 Studies on UO2
2+ interactions with proteins are typically 

performed in binary systems. Fluorescence spectroscopy was 

used to explore the stoichiometry of UO2
2+ binding with 60 

apotransferrin, serum albumin, metallothionein, and ferritin,29,30 

and contributed to studies on the U(VI) speciation in human 

serum30. Surface plasmon resonance (SPR) was used to determine 

the apparent Kd of UO2
2+ with the most abundant serum proteins 

(FETUA, CO3, A2MG, etc.).17 Studies on the binary system 65 

UO2
2+ revealed the formation of a UO2

2+ binding pocket with 

carboxylic or phosphorylated residues in some proteins such as 

calmodulin,31 and the possible stabilisation of UO2
2+ ions by a 

hydrogen bond.32 The fundamental limitation of binary studies 

was the lack of consideration for the role of low molecular 70 

inorganic anions. A study on ternary systems including carbonate 

in HSA–UO2
2+, HSTF-UO2

2+, or FETUA-UO2
2+ -complex 

formation studies indicated a high probability of 

carbonate/protein ligand exchange.30,33  

 The degree of complexity of UO2
2+ interactions in serum 75 

Page 1 of 11 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

exceeds that of binary or ternary systems. At this time, most 

advanced studies on the molecular targets for UO2
2+ ions in 

serum were based on mimicking UO2
2+ interactions with 

multiprotein standards18 or on the analysis of protein fractions 

isolated from serum based on their affinity to surface 5 

immobilised UO2
2+.16  

It was shown that principal  UO2
2+ ion anchoring motifs on 

the protein side chains include carboxylic15,34 and phosphorylated 

groups,31 and the complexes were incorporated into the bone.35 

Similar reactions can potentially occur in serum, although the 10 

calcification process occurs spontaneously and involves some 

biomineralisation inhibitors such as albumin or fetuin.25,26 The 

substitution of Ca2+ by UO2
2+ has been explored in previous 

studies,36 and is a potential explanation for the incorporation of 

UO2
2+ into Ca2+-dependent steps37 of the coagulation cascade.  15 

 Studies performed to date have probed interactions with 

proteins after being separated from the biological matrix. The 

diversity of literature data and different facets of UO2
2+  

interactions indicate that these interactions are more complex 

than those involving a single protein or one particular ligand in a 20 

binary or ternary system. 

 The objective of this work was to explore interactions of 

UO2
2+ with serum proteins on a global scale including the whole 

serum proteome and carbonate and phosphate species, and to 

detect and characterise UO2
2+-dependent multiprotein systems in  25 

serum. For this purpose, the concentration of UO2
2+ was 

increased to a point a U-protein complex could be isolated by 

chromatography and characterized. 

Experimental 

Sample preparation 30 

Foetal bovine serum with two different LOT numbers was 

received from Gibco, (Gibco, Saint Aubin, France). The reported 

Ca2+ concentration for FBS is 14.7 mg/dl.38 Because different sera 

with different lot numbers can differ in terms of the protein level, 

experiments were performed with three different lots.39  35 

The protocol used to isolate UO2
2+-dependent proteins in 

serum was based on that used for calcium phosphate-dependent 

proteins described previously.40 A serum enriched with UO2
2+ 

phosphate/carbonate species were prepared accordingly. A 

specific amount of UO2(NO3)2×6H2O was mixed with Na2CO3 to 40 

reach a final stoichiometry of 1 : 2. An aliquot of this solution 

was added to 0.5 ml of serum. A further 0.5-ml aliquot of serum 

was mixed with  Na3PO4 solution (pH 7.4 set with conc. HCl). 

Both serum aliquots were immediately combined. The final 

concentrations of UO2
2+ and phosphate species were 1 mM and 45 

2.0 mM, respectively. All steps were performed at 4°C with 

attention to avoid degassing. To obtain calcium enriched serum 

the procedure described elsewhere was followed.40 The final 

concentrations of Ca2+ and phosphate were 1 mM and 2.0 mM, 

respectively. Control serum was prepared by mixing one 0.5-ml 50 

aliquot of serum with NaNO3 and another one with Na3PO4 (pH 

7.4 set with conc. HCl). The final concentrations of added NaNO3 

and Na3PO4 were 2.0 and 2.0 mM. After combining both serum 

aliquots, samples were incubated at 37°C in 5.5% CO2 for 3 h 

and analysed immediately. All inorganic reagents were purchased 55 

from Sigma Aldrich (Lyon, France). 

Chromatography 

Size-exclusion chromatography was performed using an Agilent 

1200 system with the Superdex 200TM 10/30 column. The eluent 

was 50 mM 2-amino-2-hydroxymethyl-propane-1,3-diol in 0.1 M 60 

NaCl at pH 7.4 at 0.5 ml/min. Elution was monitored at 280 nm 

based on inductively coupled plasma emission spectrometry 

(ICP-AES). An ICP-AES model SPECTRO (Kleve, Germany) 

instrument fitted with a Sea-spray nebuliser and a cyclonic spray 

chamber was used. The conditions were: power 1450 W, coolant 65 

argon gas flow 12/min, and auxiliary argon gas flow 1 l/min. Ca 

(315.89, 317.93), Mg (279.55, 280.27, 285.21), P (177.49, 

178.29), and U (385.96, 409.14) were monitored.   

Gel electrophoresis 

SDS-polyacrylamide gel electrophoresis of the UO2
2+-enriched 70 

serum fraction was performed using NuPAGE Novex Bis-Tris 

Midi Gels (Life Technologies, SAINT AUBIN, France). Samples 

were prepared according to the gel supplier. Collected solutions 

were mixed with the sample buffer (NuPAGE sample buffer, 

NP0008) and the reducing agent (NuPAGE Sample Reducing 75 

Agent, NP0004), and were heated for 10 min at 700 C. The 

gradient (4-12%) pre-cast polyacrylamide gels were run using a 

NuPAGE MOPS (3-(N-morpholino)propanesulphonic acid) SDS 

running buffer system. The process was performed at a voltage 

up to 80 V. The gels were stained overnight in a Page Blue 80 

Protein Staining Solution (Thermo Scientific). 

Protein identification 

Protein identification was performed using nanoLC-ESI-MS/MS 

at Proteome Factory (Berlin, Germany). The MS system 

consisted of an Agilent 1100 nanoLC system (Agilent, 85 

Waldbronn, Germany), PicoTip electrospray emitter (New 

Objective, Woburn, MA), and an Orbitrap XL or LTQ-FT Ultra 

mass spectrometer (ThermoFisher, Bremen, Germany). Protein 

bands were in-gel digested by trypsin (Promega, Mannheim, 

Germany) and applied to nanoHPLC-ESI-MS/MS. Peptides were 90 

trapped and desalted on the enrichment column (Zorbax SB C18, 

0.3 × 5-mm, Agilent) for 5 min using 2.5% acetonitrile/0.5% 

formic acid as eluent. The peptides were separated on a Zorbax 

300 SB C18, 75 µm × 150-mm column (Agilent) using an 

acetonitrile/0.1% formic acid gradient from 5% to 32% 95 

acetonitrile. MS/MS spectra were recorded in data-dependent 

mode according to the manufacturer’s recommendations. Proteins 

were identified using MS/MS ion search of the Mascot search 

engine (Matrix Science, London, England) and nr protein 

database (National Center for Biotechnology Information, 100 

Bethesda, MD). The ion charge in search parameters for ions 

from ESI-MS/MS data acquisition were set to "1+ 2+ or 3+" 

according to the instrument’s and method’s common charge state 

distribution. 

Protein characterisation 105 

Protein characterisation was performed using STRING v10 

(Search Tool for Retrieval of Interacting Genes/Proteins, 

http://string-db.org/) software based on the functional association 

network principle. Information regarding the interactions was 

derived from different sources including experimental 110 

interactions, pathway knowledge obtained from manually curated 
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databases, text-mining based on abstracts and full-text articles, de 

novo interaction prediction based on the genomic information, 

and co-expression analysis.41 The statistical enrichment functions 

provided the protein’s functional annotations from the Gene 

Ontology (GO), KEGG, PFAM, and INTERPRO databases. 5 

Identified proteins were characterised based on the GO 

enrichment tool for biological processes and molecular functions, 

and the KEGG pathway was manually curated for enrichment. 

Co-occurrence, co-expression, experiments, and database 

prediction methods were applied for PPI characterisation.  10 

Results and Discussion  

The gist of the experiment was based on the protocol 

described elsewhere in order to find Ca2+ phosphate species 

dependent proteins e.g. fetuin or albumin.40 It consisted in 

increasing serum Ca concentration to 5 mM40 at which it became 15 

possible to observe a high molecular mass complex with calcium 

phosphate species in serum.34 We justified the use of this 

approach for U because of the “bioinorganic” similarity of UO2
2+ 

to Ca2+ corroborated by the similarity of proteins evoked as 

targets for both metal ions, e.g. albumin or fetuin. As U, even in 20 

toxic conditions, is not as ubiquitous as Ca, it was decided to 

work with concentrations a factor of 10 lower, the lowest, i.e. 0.5 

mM at which the formation of a macromolecular complex 

appeared. Such a concentration may still appear high but 

concentrations up to 1mM of UO2
2+ were frequently applied in 25 

case of cell culture incubation for biochemical assays.28,42–45 

Immobilized affinity chromatography (IMAC) also required 

similar concentrations (>100 mmol/L of beads).16,46 

The proposed approach can not only reduce the amount of 

UO2
2+ added but also allow a longer incubation of proteins with 30 

UO2
2+ protected from the hydrolysis by an excess of carbonate 

or/and phosphate species.  

 
Effect of UO2

2+ on the protein molecular weight distribution in 
serum: comparison with calcium  35 

 

Size-exclusion chromatography (Fig. 1) shows that the 

addition of UO2
2+ leads to the formation of an additional intense 

peak eluting close to the exclusion volume with an approximate 

molecular weight of 660,000 Da. There is observed difference 40 

between a marker at 2,000,000 and this one which means the 

elution volume although close to the complex cannot be 

assimilated with it. The formation of this peak does not result in 

the modification of the chromatogram morphology compared 

with that of the control serum, which indicates that the major 45 

serum containing proteins (albumin, transferrin, and fetuin) do 

not play an important role in the interaction with  UO2
2+ species. 

The increase in the sum of the peak areas in the UV 

chromatogram upon the addition of UO2
2+ ions is a result of 

absorption of UO2
2+ complexes at 280 nm. Note that formation of 50 

high molecular weight complex is interesting as proteins are 

picked up selectively from the foetal serum as demonstrated by 

the comparison of the gel electropherograms discussed below. 

Note thatn SEC-ICP MS of a serum sample with the baseline U 

concentrations does not show the formation of such a complexes. 55 

Interestingly, a similar peak is not induced in the presence of 

Ca. Indeed, the morphology of the chromatogram of serum doped 

with calcium is identical to that of the control serum (Fig. 1).  

The elemental composition of the formed compound was 

studied under the same chromatographic conditions using SEC 60 

with ICP-AES detection. Fig. 2 demonstrates the presence of the 

large majority of UO2
2+ (91% of U) in this peak co-eluting with 

phosphorous and calcium, but not with magnesium. The second 

observed U signal around 6% of total U correlates, in terms of the 

elution volume, with the U-fetuin complex reported in the 65 

literature.17,33 The presence of the minor peaks (Fig. 2a) shows 

that traces of UO2
2+ may be bound to the major serum proteins, 

but this is not a major interaction. The molar ratio UO2
2+ : 

phosphate species was set up to 1 : 2 by addition of phosphate to 

incubated foetal serum system in order to avoid unspecific 70 

reaction of UO2
2+ present only in carbonate complex. SEC-ICP-

MS chromatograms show that P coelutes with U in the large 

molecular weight complex (Fig. 2). Uranyl ions not protected as 

carbonate/phosphate species added to serum as nitrate 

immediately cause unspecific precipitation. 75 

Total U recovery from the spiked serum in these experimental 

conditions was 60 - 80%. As UO2
2+ ions are retained by the gel 

surface, such a high recovery indicates the high stability of the U-

protein complex formed. 

 80 

Characterisation of the UO2
2+-induced compound 

 

 The uranium-containing compound, which was thought to be a 

UO2
2+-protein complex (note that both UO2

2+ species and 

proteins absorb UV light at 280 nm), was separated by 85 

ultracentrifugation. This process leads to the formation of a 

yellow-transparent pellet (Fig. 3ab) with a gel-like consistency. 

Such a pellet was not observed during ultracentrifugation of 

control serum (Fig. 3c). SDS-PAGE analysis of the pellet showed 

that it contained a considerable amount and variety of proteins 90 

(Fig. 3d). Note that the formed gel was fairly unstable and 

spontaneously solubilised after five hours in the supernatant. A 

comparison of the electropherogram (Fig. 3d) with that of the 

control serum (Fig. 3e) indicated that a specific protein 

enrichment process was triggered by UO2
2+ addition rather than a 95 

random protein precipitation. Indeed, the major serum proteins 

(even if present in the U-protein complex) are not more abundant 

than other proteins detected.  

 A comparison of gel electropherograms of UO2
2+ enrich 

fraction from two sera systems from different batches showed 100 

that protein pattern is virtually identical in both samples (Fig. S1) 

 Almost half of the proteins isolated elsewhere on the basis of 

the affinity to immobilized UO2
2+ supplied at more than 100 

mmol/L of beads16 were identified here (Fig. S2ab). However, a 

comparison of protein distribution pattern in the U-rich fraction 105 

from foetal and bovine (adult) serum differ significantly (Fig. 

S2c).  

 To characterise the protein composition, the fraction 

corresponding to the U peak (Fig. 4a) apex was collected and 

subjected to SDS-PAGE (Fig. 4b,c). No proteins were detected in 110 

control serum in the same fraction. In the case of the UO2
2+-

doped serum, 14 protein bands ranging from 10 kDa to 250 kDa 

could be observed. The proteomics approach allowed for the 

identification of 74 proteins, for which at least four peptides were 

identified after tryptic digestion and nanoHPLC-MS/MS (Tab. 115 

S1). The identified proteins are summarised in Fig. 4. In some 
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cases, the position in the gel of identified proteins does not 

correlate with the determined molecular weight. This could be the 

reason of (i) residual proteolytic activity that results in the 

observation of fragments of proteins in the gel that are interpreted 

as intact proteins, and (ii) the presence of UO2
2+ which may not 5 

allow the complete denaturation and thus presence at higher 

molecular masses. These caveats do not alter the sense of the 

qualitative composition of the U complex which is the gist of the 

manuscript. The detailed characteristics, molecular functions, and 

biological processes related to these proteins, with a particular 10 

emphasis on coagulation and biomineralisation, are highlighted in 

Table 1. 

 

Table 1. The results of analysis of identified proteins in prism of 

biological processes KEGG pathways and molecular function by 15 

STRING program.  

 

 

 

 20 

 

 

 

 

 25 

 

 

 

 

 30 

 

 

 

 

 35 

The identification of several identical proteins within the different 

bands (e.g. ITIH1, ITIH3, CO3, ALBU, etc.) may be explained in 

several ways. Primarily, the amount of proteins in the analysed 

lane was very high, which could result in their overlapping with  

each other, as well as the formation of stable protein-protein 40 

complexes that survived denaturation conditions. The 

identification of high-MW proteins in the bands corresponding to 

a low MW may be the result of protein denaturation of a small set 

of peptides, which allowed for their further migration in gel. The 

proteins found in several bands are also known to be abundant in 45 

serum, and may prevent other proteins from being separated 

properly according to their masses. It remains unknown how the  

UO2
2+ ions influence protein separation in the SDS environment. 

 In summary, the U-protein complex contains a protein network 

as a ligand, which is discussed further in terms of protein-protein 50 

interactions. 

 
Characterisation of the UO2

2+ protein ligands in terms of 
protein-protein interactions 

 55 

 The obtained data indicate the importance of a protein network 

as a UO2
2+-binding ligand(s) rather than individual proteins, as 

postulated in previous studies. Therefore, proteins identified in 

the UO2
2+ protein complex were investigated in terms of 

molecular and biological functions, including metal-binding 60 

affinities, involvement in coagulation, mineralisation, and 

complement activation cascades using a tool to study protein-

protein interactions (STRING).  Data analysis showed a network 

rich in interactions (observed 144, expected 91) (Fig. 5). 

 Table 1 focuses on the most important molecular and 65 

biological protein-protein interactions, and shows the presence of 

32 proteins (Fig. S3a) responsible for protein binding, explaining 

the formation of high-molecular-weight complexes. The ion-

binding function was recognised for 34 proteins including 20 for  

 70 

 

 

 

 

 75 

 

 

anions and 21 for cations (Fig. S3b). This finding is in good 

agreement with previous studies on the mechanism that UO2
2+ 

could be bound to proteins as a metal cation, but also in an 80 

anionic complex.15 To better characterise the metal binding 

function of these proteins, the UniProt database was searched for 

other metals bound by the identified proteins. The results shown 

in Fig. 5 indicate that large number of the proteins found were 

mentioned previously in the context of binding calcium. 85 

Interactions of UO2
2+ with haemoglobin (a known Fe-binding 

protein) was also reported previously.47 

 Table 1 shows the impact of UO2
2+ on heparin binding proteins 

(eight proteins) (Fig. S3c). In terms of biological processes, 

molecular functions, and Kyoto Encyclopedia of Genes and 90 

Genomes pathway (KEGG),48 26 of the observed proteins are 

responsible for response to stress, as well as blood coagulation 

processes (15 proteins; Fig. S3de, respectively). On the one hand, 

UO2
2+ ions may impact the coagulation cascade by interfering 

with Ca2+ ions due to the similar biocoordination properties. It 95 

was shown that UO2
2+ can substitute for the Ca2+ ions in native 

proteins.36 On the other hand, it is possible that UO2
2+ ions 

impact the cascade through some “key” ligands, such as heparin. 

Interestingly, a large group of proteins were shown to be involved 

in regulating protein processing (25 proteins; Fig. S3f), such as 100 

Biological processes  Molecular function  

Term Number p-val.  Term Number p-val. 

Response to stress 26 1.22·10-7  Ion binding 34 7.8·10-3 

Regulation of protein metabolic process 25 9.67·10-8  Protein binding 32 6.42·10-3 

Regulation of proteolysis 24 1.69·10-17  Cation binding 21 3.25·10-1 

Regulation of hydrolase activity 23 1.91·10-23  Anion binding 20 1.57·10-2 

Blood coagulation 15 3.62·10-17  Enzyme regulator activity 21 2.54·10-13 

    Peptidase regulator activity  19 3.77·10-19 

    Heparin binding  8 1.08·10-6 

KEGG pathways     

Term Number p-val.     

Complement and coagulation cascades 26 4.59·10-45     

Staphylococcus aureus infection 7 1.36·10-7     

ECM-receptor interaction 5 4.7·10-4     
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regulation of proteolysis (24 proteins) and hydrolase activity (23 

proteins).  

 

  KEGG pathways analysis indicated that 26 proteins were 

involved in the complement and the coagulation cascades (Fig. 5 

S3g). The molecular impact of UO2
2+ on this process could be 

explained by the impact on the GLA domains. These domains act 

as natural Ca2+ binding motifs49 of coagulation; namely, F2, 

PROC, and F10. Previous reports suggest that calcium could be 

substituted by UO2
2+ 36 or Mg.50  10 

Conclusions 

While most of the in-vitro studies concerned isolated proteins, 

the described case addresses for the first time U-protein 

interactions in serum in their globality, including protein-UO2
2+-

protein complex interactions, UO2
2+, added to foetal serum 15 

simultaneously with carbonate and phosphate protecting it from 

rapid unspecific reaction with proteins, activates a protein 

network. The interaction results in the formation of a poorly 

soluble complex that can be separated by centrifugation and 

accounts for more than 95% of the UO2
2+ present. This behaviour 20 

of UO2
2+ seems to be unique since Ca2+ supplemented in same 

concentrations does not form such a complex. A number of 

proteins involved in the reaction with calcium ions suggest that 

UO2
2+ ions affect Ca2+-dependent processes in serum.  

Demonstrated strategy illustrate possibility to isolate the 25 

UO2
2+ dependent proteins starting from a very complex biological 

medium, such as serum. Proteins were isolated not only based on 

the affinity to UO2
2+ species to single proteins but also potentially 

based on affinity of these ions to serum protein complexes.  

Analysis of the protein network using STRING indicates that 30 

several serum processes may be affected, such as response to 

stress, blood coagulation processes, and complement and 

coagulation cascade. 

Presented UO2
2+ dependent proteins isolation method is a 

interesting alternative to IMAC due to the fact that equilibrium 35 

between the serum proteins and UO2
2+ carbonate and phosphate 

species is more close to native serum processes that interactions 

of proteins with immobilised UO2
2+ on surface in much higher 

concentrations during the IMAC. Although the formation of the 

complex was demonstrated for bovine (foetal and adult) sera 40 

only, a similar reaction is likely to be observed with sera of other 

organisms. 

 

Disclosure 

The authors report no conflicts of interest. 45 

Acknowledgments 

This study was supported by a Marie Curie Intra European 

Fellowship from the European Union (PIEF-GA-2012-329969) 

and Polish Foundation of Science (FNP) within the KOLUMB 

(KOL/8/2012) program.  50 

Notes and references 

aCNRS/UPPA, LCABIE, UMR5254, Hélioparc, 2, av. Pr. Angot, F-

64053 Pau, France. Fax: 33-5594-07681; Tel: 33-5594-07739; E-

mail: lukasz.szyrwiel@umed.wroc.pl 
bDepartment of Chemistry of Drugs, Wrocław Medical University, ul. 55 

Borowska 211, 50-552 Wrocław, Poland 

 cChair of Analytical Chemistry, Warsaw University of Technology, ul. 

Noakowskiego 3, 00-664 Warszawa, Poland 

† Electronic Supplementary Information (ESI) available: Fig. S1-3, Tab. 

S1. See DOI: 10.1039/b000000x/ 60 

References 

1. A. Bleise, P. R. Danesi, and W. Burkart, Journal of Environmental 

Radioactivity, 2003, 64, 93–112. 

2. A. W. Abu-Qare and M. B. Abou-Donia, Journal of Applied 

Toxicology, 2002, 22, 149–152. 65 

3. F. Shaki, M.-J. Hosseini, M. Ghazi-Khansari, and J. Pourahmad, 

Metallomics, 2013, 5, 736–744. 

4. B. Gouget, ed. J. O. Nriagu, of E. Health, Elsevier, Burlington, 2011, 

534–540. 

5. D. P. Arfsten, K. R. Still, and G. D. Ritchie, Toxicology and 70 

Industrial Health, 2001, 17 , 180–191. 

6. W. Briner and J. Murray, Neurotoxicology and teratology, 2005, 27, 

135–44. 

7. N. M. Wade-Gueye, O. Delissen, P. Gourmelon, J. Aigueperse, I. 

Dublineau, and M. Souidi, Biochimica et Biophysica Acta (BBA), 75 

2012, 1820, 1121–1127. 

8. P. Kurttio, H. Komulainen, A. Leino, L. Salonen, A. Auvinen, and H. 

Saha, Environmental Health Perspectives, 2005, 113, 68–72. 

9. S. Homma-Takeda, T. Kokubo, Y. Terada, K. Suzuki, S. Ueno, T. 

Hayao, T. Inoue, K. Kitahara, B. J. Blyth, M. Nishimura, and Y. 80 

Shimada, Journal of Applied Toxicology, 2013, 33, 685–694. 

10. F. Shaki, M.-J. Hosseini, M. Ghazi-Khansari, and J. Pourahmad, 

Biochimica et Biophysica Acta (BBA), 2012, 1820, 1940–50. 

11. R. W. Leggett and T. C. Pellmar, Journal of Environmental 

Radioactivity, 2003, 64, 205–225. 85 

12. P. Lestaevel, P. Houpert, C. Bussy, B. Dhieux, P. Gourmelon, and F. 

Paquet, Toxicology, 2005, 212, 219–26. 

13. D. M. Taylor, Journal of Alloys and Compounds, 1998, 271-273, 6–

10. 

14. E. Ansoborlo, O. Prat, P. Moisy, C. Den Auwer, P. Guilbaud, M. 90 

Carriere, B. Gouget, J. Duffield, D. Doizi, T. Vercouter, C. Moulin, 

and V. Moulin, Biochimie, 2006, 88, 1605–1618. 

15. J. Vanhorn and H. Huang, Coordination Chemistry Reviews, 2006, 

250, 765–775. 

16. C. Basset, A. Dedieu, P. Guérin, E. Quéméneur, D. Meyer, and C. 95 

Vidaud, Journal of chromatography. A, 2008, 1185, 233–40. 

17. C. Basset, O. Averseng, P.-J. Ferron, N. Richaud, A. Hagège, O. 

Pible, and C. Vidaud, Chemical Research in Toxicology, 2013, 5, 

645-643. 

18. C. Vidaud, A. Dedieu, C. Basset, S. Plantevin, I. Dany, O. Pible, and 100 

E. Quéméneur, Chemical Research in Toxicology, 2005, 18, 946–

953. 

19. W. D. B. McNider, J. Exp. Med., 1916, 23, 171–187. 

20. L. Vicente-Vicente, Y. Quiros, F. Pérez-Barriocanal, J. M. López-

Novoa, F. J. López-Hernández, and A. I. Morales, Toxicological 105 

Sciences , 2010, 118 , 324–347. 

21. S. Berto, F. Crea, P. G. Daniele, A. Gianguzza, A. Pettignano, and S. 

Sammartano, Coordination Chemistry Reviews, 2012, 256, 63–81. 

22. A. A. A. Osman, G. Geipel, A. Barkleit, and G. Bernhard, Chemical 

Research in Toxicology, 2015, 28, 238–247. 110 

23. I. R. Dickson, A. R. Poole, and A. Veis, Nature, 1975, 256, 430–432. 

24. L. Qi, C. Basset, O. Averseng, E. Quemeneur, A. Hagege, and C. 

Vidaud, Metallomics, 2014, 6, 166–176. 

25. W. Jahnen-Dechent, A. Heiss, C. Schäfer, and M. Ketteler, 

Circulation Research , 2011, 108 , 1494–1509. 115 

26. C. Schafer, A. Heiss, A. Schwarz, R. Westenfeld, M. Ketteler, J. 

Floege, W. Muller-Esterl, T. Schinke, and W. Jahnen-Dechent, The 

Journal of Clinical Investigation, 2003, 112, 357–366. 

Page 5 of 11 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

27. M. Carrière, O. Proux, S. Milgram, C. Thiebault, L. Avoscan, N. 

Barre, C. Den Auwer, and B. Gouget, Journal of Biological 

Inorganic Chemistry, 2008, 13, 655–62. 

28. C. Rouas, H. Bensoussan, D. Suhard, C. Tessier, L. Grandcolas, F. 

Rebiere, I. Dublineau, M. Taouis, M. Pallardy, P. Lestaevel, and Y. 5 

Gueguen, Chemical Research in Toxicology, 2010, 23, 1883–1889. 

29. J. Michon, S. Frelon, C. Garnier, and F. Coppin, Journal of 

Fluorescence, 2010, 20, 581–90. 

30. G. Montavon, C. Apostolidis, F. Bruchertseifer, U. Repinc, and A. 

Morgenstern, Journal of Inorganic Biochemistry, 2009, 103, 1609–10 

1616. 

31. R. Pardoux, S. Sauge-Merle, D. Lemaire, P. Delangle, L. Guilloreau, 

J.-M. Adriano, and C. Berthomieu, PloS one, 2012, 7, e41922. 

32. S. O. Odoh, G. D. Bondarevsky, J. Karpus, Q. Cui, C. He, R. Spezia, 

and L. Gagliardi, Journal of the American Chemical Society, 2014, 15 

136, 17484–17494. 

33. T.-N. S. Huynh, D. Bourgeois, C. Basset, C. Vidaud, and A. Hagège, 

ELECTROPHORESIS, 2015, 36, 1374-1382 

34. P. A. Price, G. R. Thomas, A. W. Pardini, W. F. Figueira, J. M. 

Caputo, and M. K. Williamson, The Journal of biological chemistry, 20 

2002, 277, 3926–34. 

35. C. Vidaud, D. Bourgeois, and D. Meyer, Chemical Research in 

Toxicology, 2012, 25, 1161–1175. 

36. O. Pible, C. Vidaud, S. Plantevin, J.-L. Pellequer, and E. Quéméneur, 

Protein science, 2010, 19, 2219–30. 25 

37. T. Koklic, R. Majumder, and B. R. Lentz, The Biochemical Journal, 

2014, 462, 591–601. 

38. M. Suzuki, H. Shimokawa, Y. Takagi, and S. Sasaki, Journal of 

Experimental Zoology, 1994, 270, 501–507. 

39. X. Zheng, H. Baker, W. S. Hancock, F. Fawaz, M. McCaman, and E. 30 

Pungor, Biotechnology Progress, 2006, 22, 1294–1300. 

40. P. A. Price and J. E. Lim, The Journal of Biological Chemistry, 2003, 

278, 22144–52. 

41. D. Szklarczyk, A. Franceschini, S. Wyder, K. Forslund, D. Heller, J. 

Huerta-Cepas, M. Simonovic, A. Roth, A. Santos, K. P. Tsafou, M. 35 

Kuhn, P. Bork, L. J. Jensen, and C. von Mering, Nucleic Acids 

Research , 2015, 43 , D447–D452. 

42. G. Angenard, V. Muczynski, H. Coffigny, C. Duquenne, R. Frydman, 

R. Habert, G. Livera, and V. Rouiller-Fabre, Reproductive 

Toxicology, 2011, 31, 470–476. 40 

43. C. Thiébault, M. Carrière, S. Milgram, A. Simon, L. Avoscan, and B. 

Gouget, Toxicological Sciences, 2007, 98, 479–87. 

44. X. Zhang, C. Ding, H. Liu, L. Liu, and C. Zhao, Toxicology, 2011, 

286, 75–84. 

45. H. Mirto, M. H. Hengé-Napoli, R. Gibert, E. Ansoborlo, M. Fournier, 45 

and J. Cambar, Toxicology Letters, 1999, 104, 249–256. 

46. A. Dedieu, F. Bérenguer, C. Basset, O. Prat, E. Quéméneur, O. Pible, 

and C. Vidaud, Journal of chromatography. A, 2009, 1216, 5365–76. 

47. L. Duan, L. Du, Y. Jia, W. Liu, Z. Liu, and J. Li, Chemistry – A 

European Journal, 2015, 21, 520–525. 50 

48. A. Franceschini, D. Szklarczyk, S. Frankild, M. Kuhn, M. 

Simonovic, A. Roth, J. Lin, P. Minguez, P. Bork, C. von Mering, and 

L. J. Jensen, Nucleic Acids Research , 2013, 41 , D808–D815. 

49. Y. Shikamoto, T. Morita, Z. Fujimoto, and H. Mizuno, Journal of 

Biological Chemistry , 2003, 278 , 24090–24094. 55 

50. K. Vadivel, S. Agah, A. S. Messer, D. Cascio, M. S. Bajaj, S. 

Krishnaswamy, C. T. Esmon, K. Padmanabhan, and S. P. Bajaj, 

Journal of Molecular Biology, 2013, 425, 1961–1981.  

{Bibliography} 

Figure captions 60 

Figure 1. Effect of UO2
2+ and calcium on the protein molecular 

weight distribution in serum. Size-exclusion LC chromatography 

(UV detection) of: a) serum with UO2
2+ (1.0 mM), b) serum with 

calcium (1.0 mM), c) control serum. MW standards were marked 

with numbers: 1) BlueDextran 2000, 2) 669 kDa, 3) 440 kDa, 4) 65 

158 kDa, and 5) 75 kDa. 

 

Figure 2. Size-exclusion LC-ICP AES of serum incubated with 

UO2
2+ (red) and control serum (black): a) uranium (385.96 nm); 

b) phosphorous (177.49 nm); c) calcium (315.89 nm), and d) Mg 70 

(279.55 nm). MW standards were marked with numbers: 1) 

BlueDextran 2000, 2) 669 kDa, 3) 440 kDa, 4) 158 kDa, and 5) 

75 kDa. 

 

Figure 3. Formation of a pellet during centrifugation (12,000 rpm 75 

at 20°C) of serum incubated with: a) UO2
2+ species (after 180 

min), b) higher-magnification view of the pellet; c) control 

serum; d) SDS electropherogram of the pellet (washed with 0.15 

M NaCl at 4°C); e) SDS electropherogram of control serum (the 

serum was diluted until the intensity of thee albumin bands 80 

reached that in Fig. 3d). 

 

Figure 4. a) Zoom of the SEC molecular weight range showing 

the UO2
2+ - protein complex fraction heartcut (shadowed) for 

proteomics analysis (1 and 2 present molecular markers 85 

BlueDextran 2000 and 669 kDa, respectively). Panel: b) UV-Vis 

chromatograms for control (grey) and UO2
2+-doped serum (red): 

c) ICP AES chromatograms of U (385.96 nm), P (177.49 nm), 

and Ca (315.89 nm) (panels c), d) and e), respectively). F) SDS-

PAGE of the heartcut fraction. Left: Mw markers, middle: control 90 

serum, right: UO2
2+-doped serum. List of proteins identified using 

the proteomics approach and assigned to respective bands. A 

detailed description of the detected proteins is provided in the 

Supplementary Information (Table S1).  

 95 

Figure 5. STRING mapping profiles of protein interaction 

network identified in complex with UO2
2+ species in foetal 

serum. Protein marked with circle are known for metal ions 

binding, based on information from UNIPROT database 

(http://www.uniprot.org). Symbol Mn+  shown proteins known for 100 

interactions with variety of metal ions.  
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Figure 1. Effect of UO2

2+ and calcium on the protein molecular weight distribution in serum. Size-exclusion LC 

chromatography (UV detection) of: a) serum with uranium (1.0 mM), b) serum with calcium (1.0 mM),             

c) control serum. To correlate the approximate MW and the elution volume the standards were placed: 1) 

BlueDextran 2000, 2) 669 kDa, 3) 440 kDa, 4) 158 kDa and 5) 75 kDa. 
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 Figure 2. Size-exclusion LC-ICP AES of serum incubated with uranium (red) and control serum 

(black): a) uranium (385.96 nm); b) phosphorous (177.49 nm); c) calcium (315.89 nm), and d) Mg (279.55 nm).  

To correlate the approximate MW and the elution volume the standards were placed: 1) BlueDextran 2000, 2) 

669 kDa, 3) 440 kDa, 4) 158 kDa and 5) 75 kDa. 
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Figure 3. Formation of a pellet during centrifugation (12,000 rpm at 20°C) of serum incubated with:                       

a) UO2
2+ species (after 180 min), b) higher-magnification view of the pellet; c) control serum; d) SDS 

electropherogram of the pellet (washed with 0.15 M NaCl at 4°C); e) SDS electropherogram of control serum 

(the serum was diluted until the intensity of thee albumin bands reached that in Fig. 3d). 
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Figure 5. STRING mapping profiles of protein interaction network identified in complex with UO2
2+ species           

in foetal serum. Protein marked with circle are known for metal ions binding, based on information from 

UNIPROT database (http://www.uniprot.org). Symbol Mn+ shown proteins known for interactions with variety 

of metal ions.  
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