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Abstract 

Due to its chemo- and radiotoxicity, the incorporation of uranium into human body via 

ingestion potentially poses a serious health risk. When ingested, the gastrointestinal fluids are 

the primary media to interact with uranium, eventually influencing and even determining its 

biochemical behavior in the gastrointestinal tract and thereafter. The chemical interactions 

between uranium and the components of gastrointestinal fluids are, however, poorly 

understood to date. In this study, the complexation of uranium(VI) (as the uranyl ion, UO2
2+

) 

with the protein α-amylase, one of the major enzymes in saliva and pancreatic juices, was 

investigated over a wide range of pH or uranium/ α-amylase concentrations covering 

physiological conditions. Macroscopic sorption experiments suggested a strong and fast 

complexation of UO2
2+

 to α-amylase between pH 5 and 7. Potentiometric titration was 

employed to determine the complex stability constants for the relevant UO2
2+

 α-amylase 

complexes, which is crucial for reliable thermochemical modeling to assess the potential 

health risk of uranium. Extended X-ray absorption fine structure (EXAFS) spectroscopy 

revealed that α-amylase is interacting with UO2
2+

 primarily via its carboxylate groups 

presumably from the aspartic acid and glutamic acid side chains. The effect of UO2
2+

 on the 

enzyme activity was also investigated to understand the potential implication of uranium for 

the in vivo functions of the digestive fluids, indicating that the presence of uranium inhibits 

the enzyme activity. This inhibitory effect can be, however, suppressed by an excess of 

calcium. 
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Introduction 

 

The incorporation of radioactive heavy metals, such as uranium (U), potentially represents a 

serious health risk to humans due to their chemo- and radiotoxicity. Uranium is ubiquitous in 

the environment, and can be found in the atmosphere, terrestrial and aquatic environments.
1,2

 

Ground- and surface waters, as well as soils, contain a trace amount of uranium originating 

from different sources such as mining activities,
1,2

 the weathering of uranium-containing 

minerals,
3-5

 the excessive use of phosphate fertilizers,
5,6

 uranium-containing ammunition
7,8

 or 

nuclear accidents.
9,10

 According to the international standards for drinking water 

recommended by the World Health Organization (WHO),
11-13

 the maximum contaminant 

level (MCL) for uranium is 30 µg/L (0.13 µM). The uranium concentrations in the majority of 

the contaminated drinking water are reported to be well below this MCL value.
5,8,14

 However, 

there are also some cases reporting the uranium concentration of up to 1 mg/L (4.2 µM),
3,14,15

 

far exceeding the MCL value. These water sources and soils contaminated with uranium 

could eventually let uranium enter the human food chain. The human daily intake of uranium 

via drinking water and food is affected by the geological origin of the water sources and soils, 

varying from about 1 up to more than 200 µg/day.
3-5 In case of ingestion, more than 95% of 

uranium is excreted within a few days,
5,16

 while the rest is distributed via the bloodstream 

throughout the body and finally deposited mainly in bone and kidney.
1,5,16,17

 For this reason, 

the major concern about the uranium toxicity focuses on the damage primarily on 

kidney.
3,15,18-20

 Additionally, it is known that uranium is genotoxic and carcinogenic.
1,2,5

   

A series of our recent studies reporting the in vitro chemical speciation of radioactive 

actinides, such as uranium(VI) (as the uranyl ion, UO2
2+

) or curium (Cm
3+

), in various body 

fluids (saliva, gastrointestinal fluids, urine and sweat) have suggested that organic bio-

molecules play a significant role in determining the chemical behavior of these radioactive 
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heavy metal ions in the body fluids.
21-25

 These studies also revealed that bio-macromolecules, 

such as proteins or enzymes, could be the potential binding partners for the actinides under 

physiologically relevant conditions. These results indicate that (i) the proteins could support 

the uptake of the radionuclides into the body, and (ii) the structure and function of the proteins 

could be modified and/or affected via the interaction with the radionuclides. In order to 

perform a reliable assessment of the potential implication of the uptake of these radionuclides 

into human body, it is prerequisite to understand their chemical behavior with the bio-

macromolecules being present in body fluids. 

In the last decades, the studies on the chemical behavior of UO2
2+

 in body fluids have focused 

primarily on the blood media to understand its interaction with the blood proteins (e.g., 

transferrin and albumin) that are mainly responsible for the transport of UO2
2+

 through the 

body to the target organs in case of accidental incorporation.
26-37

 On the other hand, there are 

only a limited number of studies reporting the chemical behavior of UO2
2+

 in the 

gastrointestinal media as well as its interaction with digestive proteins.
17,23,38

 Our recent 

investigation on the chemical speciation of UO2
2+

 in saliva has suggested a strong interaction 

between UO2
2+

 and the enzyme α-amylase.
23

 This motivated us to perform the present study 

focusing on the coordination and complexation behavior of UO2
2+

 with α-amylase, which is 

fundamental to understanding the implication of uranium uptake, particularly via oral 

ingestion, for human body. 

The protein α-amylase (α-1,4-glucan-4-glucanhydrolase; EC 3.2.1.1.) is one of the major 

enzymes in salivary and pancreatic secretions of mammals. The protein catalyzes the 

hydrolysis of the α-1,4-glycosidic linkages of polysaccharides, such as starch or glycogen.
39

 

The protein α-amylase in human salivary and pancreatic juices, as well as in the porcine 

pancreatic juice, shows significant similarities in sequence and three-dimensional 

structure.
40,41

 They consist of 496 amino acid residues with a molecular mass of ~55 kDa. The 

protein attaches one calcium and one chloride ions per molecule. It provides 50 carboxyl 
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groups from aspartic acid (Asp) and glutamic acid (Glu) side chains,
42,43

 which potentially act 

as binding sites to interact with metal ions, such as UO2
2+

. The presence of calcium would be 

required to maintain the enzyme activity as well as to stabilize the structure of the protein.
41

  

We herein report a comprehensive study on the complexation of UO2
2+

 with α-amylase under 

different conditions including physiologically relevant conditions, as well as its implication 

for the enzyme activity of α-amylase. Batch sorption and potentiometric titration experiments 

were performed to investigate the macroscopic sorption and complexation behavior of UO2
2+

 

in the presence of α-amylase. Time-resolved laser-induced fluorescence spectroscopy 

(TRLFS) and extended X-ray absorption fine structure (EXAFS) spectroscopy were carried 

out to acquire speciation information on possible UO2
2+

 α-amylase species both in solution 

and in the solid state. Furthermore, the influence of UO2
2+

 on the enzyme activity of α-

amylase was investigated in vitro. 

 

Materials and methods 

Sorption experiments 

Batch sorption experiments were performed to investigate the affinity of UO2
2+

 onto solid-

state α-amylase (porcine pancreatic α-amylase, lyophilized powder supplied from Sigma). 

Although the macroscopic interaction of UO2
2+

 with solid-state α-amylase could be different 

from that with soluble α-amylase, the sorption experiments give a macroscopic insight into 

the interaction between UO2
2+

 and α-amylase, providing supplementary information to 

understand the microscopic interaction of UO2
2+

 with soluble α-amylase. The experiments 

were carried out at room temperature and ambient conditions as functions of pH, metal- and 

enzyme concentrations, and sorption duration. The pH value was varied between 2.0 and 8.0 

to cover physiological conditions of the gastrointestinal tract.
44

 The UO2
2+

 and α-amylase 

concentrations were varied between 10
−6

 and 10
−4

 M and between 0.2 and 3.0 g/L (3.6 × 10
-6
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to 5.5 × 10
-5

 M), respectively. The solubility of α-amylase is below 0.1 g/L in the relevant 

conditions, confirming that α-amylase exists as a solid phase during the experiments. The 

ionic strength was kept constant at 0.1 M with NaCl for all the experiments.  

A stock solution of UO2
2+

 was prepared by dissolving UO2(ClO4)2·6H2O (p.a. from Merck) in 

a 0.1 M NaCl solution to give the desired UO2
2+

 concentration. The pH value of the solution 

was then adjusted with HCl or NaOH. Subsequently, α-amylase was added to the solution and 

the pH was adjusted again, if necessary. For pH- and concentration-dependent experiments, 

the mixture was shaken for 24 h at ambient temperature and the pH was adjusted after shaking 

as necessary. The solution was then centrifuged for 20 min at 4000 rpm and filtrated with a 

150 µm membrane filter. The pH value of the filtrate was measured and the uranium 

concentration was determined by inductively coupled plasma mass spectrometry (ICP-MS 

ELAN 9000 from Perkin-Elmer). Time-dependent experiments were performed at pH = 6.0, 

based on the results of the pH-dependent experiments. Fractions of the sample solution were 

collected at 2-min intervals for the first 10 min, and then at 5-min intervals until 60 min. The 

collected fractions were filtrated with a 150 µm membrane filter, and the uranium 

concentration in the filtrate was determined with ICP-MS. 

The data from the batch sorption experiments at a constant pH were fitted using the Hill 

equation (Eq. 1)
45

 with OriginPro9.0 (OriginLab, USA) to estimate the number of binding 

sites (g), the association equilibrium constant (KH) and the Hill coefficient (r) based on the 

experimentally determined saturation function, v, with the unit of “bound UO2
2+

 (mol) / α-

amylase (mol)”, and the free UO2
2+

 concentration ([UO2
2+

]); 

 

r
H

r
H

K(

Kg
v

])[UO1

])[UO(

2
2

2
2







         (1). 
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Potentiometric titration 

Potentiometric titration experiments were performed to determine the stability constants for 

the UO2
2+

α-amylase complexes. All sample preparation and measurements were carried out 

under N2 atmosphere to prevent the possible formation of UO2
2+

-carbonate species. 3 mg of 

α-amylase was dissolved in 30 mL of deionized carbonate-free H2O. The protein 

concentration in the resultant solution was 0.1 g/L (1.8 × 10
-6

 M), which is equivalent to 9 × 

10
-5

 M carboxyl groups by assuming that one α-amylase provides 50 carboxyl side chains 

from Asp and Glu.
42,43

 The UO2
2+

 stock solution was then added to give a final uranium 

concentration of 10
−4

 M. Subsequently, the ionic strength of the solution was adjusted to 0.1 

M with NaCl, and the pH value was adjusted at 3 with HCl. The sample solution was 

automatically titrated in a thermostatic vessel at 25.0 ± 0.1 °C with 736 GP Titrino/TiNet 2.50 

(Metrohm) with 0.1 M NaOH (carbonate-free, Titrisol, Merck). Dynamic titration was 

performed using a BlueLine11 electrode (Schott) with a minimum drift of 0.5 mV/min and a 

delay time of at least 60 s at each pH measurement. Prior to each titration experiment, the 

electrode was calibrated with standard buffers of pH = 4.008, 6.865 and 9.180 (Schott). The 

experiments were carried out in triplicate in the pH range between 3 and 7 in order to 

guarantee the absence of precipitation of uranyl hydroxides.  

In order to take into account the nature and concentration of functional groups of the protein 

on the calculation of the complex formation constants (βML), the following equations were 

applied: 

 

R−LH  R−L
−
 + H

+
    Ka = [R−L

−
] [H

+
] / [R−LH]     (2), 

M
2+

 + R−Lx
x−

  M-R−Lx
(2−x)+

 β1x = [M-R−Lx
(2−x)+

] / [M
2+

] [R−Lx
x−

]
x 

 (3), 

 

where M
2+

 is UO2
2+

, R−LH is the protein Amy with the dissociable functional groups LH 

(−COOH, −NH3
+
, and −OH) and x = 1 or 2. The data from the potentiometric titration were 
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treated using the program HYPERQUAD2008 (Protonic Software)
46

 to obtain the log β 

values. The deprotonation constants of α-amylase (pKa = −log Ka) have been determined 

recently.
47

 The values of pKa1 = 5.23 for carboxyl groups and pKa2 = 10.22 for amino and/or 

hydroxyl groups were considered in the calculations of stability constants. The latest stability 

constants provided by the Nuclear Energy Agency – Thermodynamical Database (NEA-

TDB)
48

 were employed for aqueous uranyl(VI) hydroxyl complexes. The obtained log β 

values were extrapolated to infinite dilution by applying the Specific Interaction Theory (SIT) 

using the IUPAC software for Ionic Strength Corrections.
49

 Distribution of UO2
2+

 species was 

calculated using the computer programs HYDRA and MEDUSA.
50

  

 

Time-resolved laser-induced fluorescence spectroscopy 

Time-resolved laser-induced fluorescence spectroscopy (TRLFS) measurements were 

performed to acquire information about the UO2
2+

α-amylase species formed in solution. The 

uranium and protein concentrations in the sample solutions were fixed at 1 × 10
−5

 M and 0.1 

g/L (1.8 × 10
-6

 M α-amylase resp. 9 × 10
-5

 M carboxyl groups), respectively. The 

measurements were carried out as a function of pH between 2.0 and 8.0, equivalent to the 

sorption experiments. The samples were prepared in a glove box filled with N2 to prevent the 

possible formation of UO2
2+

-carbonate species. The ionic strength was kept constant at 0.1 M 

with a NaClO4 stock solution. The pH adjustments were carried out with a BlueLine 16 pH 

electrode (Schott) using HClO4 or NaOH as necessary. The sample solutions were 

equilibrated for 24 h prior to the measurements. The spectra were recorded at 25 ± 1 °C using 

a pulsed Nd:YAG laser system (Continuum Minilite Electro-Optics, Inc., Santa Clara, USA) 

with a fast pulse generator (FPG/05, EG&G Princeton Instruments, NJ, USA) and a digital 

delay generator (Uniblitz, model VVM-D1, Vincent Associates, NY). The excitation 

wavelength of the uranyl fluorescence was 266 nm with pulse energy of 0.2 - 0.5 mJ. The 

spectra were collected with a diffraction grating of 100 mm
-1

 from 371 to 674 nm and a gate 
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width of 2 µs. Three spectra recorded with 200 laser shots were averaged. The fluorescence 

emission was monitored using an iHR 550 spectrograph (Horiba Jobin Yvon, Germany) with 

the software LabSpec5 (Horiba Jobin Yvon, Germany). For the time-resolved measurements, 

40 to 60 spectra were collected over a delay time range of 0.1 to 100 µs with delay time 

intervals between 0.5 and 10 µs. 

The collected TRLFS data were analyzed with OriginPro9.0. The lifetimes of luminescent 

species were determined according to the following equation: 

 

E(t) = Σi Ei × exp(− t/τi)          (4), 

 

where E is the total luminescence intensity at the time t, Ei is the luminescence intensity of the 

species i at t = 0, and τi is the corresponding lifetime. The static spectra were analyzed using 

the program SPECFIT
51

 to calculate the spectra of individual species.  

 

Extended X-ray absorption fine structure spectroscopy 

Extended X-ray absorption fine structure (EXAFS) spectroscopy was performed at U LIII-edge 

to obtain structural information of UO2
2+

 bound to α-amylase. 200 mg of solid α-amylase 

were added to 18 mL of 1 mM UO2
2+

 solution, resulting in 3.5 µmol α-amylase and 18 µmol 

of UO2
2+

 in the resultant suspensions. The pH was then adjusted to 3.5 or 6.0. The 

suspensions were then shaken for 3 h and centrifuged for 20 min at 4000 rpm. The uranium 

concentration in the centrifuge effluent was determined with ICP-MS, confirming that ~95 % 

of the initial UO2
2+

 was sorbed on α-amylase for the both samples. This indicates a UO2
2+

 : α-

amylase stoichiometry of 5 : 1 in the samples, which is equivalent to a UO2
2+

 : carboxyl 

stoichiometry of 1 : 10. 

The solid phases obtained after centrifugation were sealed in a Teflon sample holder as wet 

paste, shock-frozen and stored in liquid nitrogen until immediately before the EXAFS 
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measurements. EXAFS measurements were carried out at the Rossendorf Beamline
52

 at the 

European Synchrotron Radiation Facility (ESRF). The U LIII-edge X-ray absorption spectra 

were measured in a fluorescence mode with a 13-element germanium detector (Canberra). 

The spectra were collected at 15 K using a closed cycle helium cryostat. Eight spectra were 

recorded for each sample and averaged for data analysis. For energy calibration of the 

collected spectra, the K-edge X-ray absorption spectrum of yttrium foil (17038 eV) was 

recorded simultaneously. The U LIII-edge ionization potential was tentatively defined as 

17185 eV and refined during the fitting routine. The EXAFS spectra were analyzed according 

to standard procedures including statistical weighting of the 13 fluorescence channels and 

dead-time correction using EXAFSPAK.
53

 Theoretical phase and amplitude functions were 

calculated with the software FEFF 8.2
54

 based on the crystal structure of sodium uranyl(VI) 

triacetate, NaUO2(CH3COO)3,
55

 and uranyl(VI)dibromo-bis(N,N-bis(2-butyl)isobutyramide), 

UO2Br2[C3H7C(O)N(C4H9)2]2,
56

 for carboxyl- and carbonyl units, respectively. 

 

Enzyme activity measurements 

The influence of UO2
2+

 on the enzyme activity of α-amylase was investigated according to the 

method by Bernfeld.
57

 The enzyme assay was prepared as follows: (i) a 1 mL of 1 % (w/v) 

starch solution (in Tris buffer) was mixed with a 1 mL of 0.1 % (w/v) enzyme solution and 

the resultant solution was stirred for 3 min, (ii) a 1 mL of a color reagent (96 mM of 3,5-

dinitrosalicylic acid in tartrate/NaOH solution) was added to the solution, capped, placed in a 

boiling water bath for 15 min, and cooled down to room temperature on ice, and (iii) after the 

addition of 9 mL of deionized water, the absorption at 540 nm was recorded. The blank was 

prepared in the same manner without enzyme. To investigate the effect of UO2
2+

 on the 

enzyme activity, the enzyme solution was spiked either with UO2
2+

 or a mixture of UO2
2+

 and 

Ca
2+

 ([UO2
2+

]total = 10
−7

 – 10
−4

 M and [Ca
2+

]total = 10
−3

 M). The enzyme activity without metal 

ions was set as 100 %. 
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Results and discussion 

Affinity of uranium for α-amylase 

Batch sorption experiments were performed to acquire a macroscopic overview of the 

interaction behavior of UO2
2+

 with α-amylase. The affinity of UO2
2+

 for α-amylase as a 

function of pH with three different uranium concentrations is shown in Figure 1-left. 

Regardless of the uranium concentration, the sorption of UO2
2+

 begins at around pH 2.5, 

approaches more than 90 % of sorption at pH 4.5, and then reaches a plateau above pH 4.5. 

When the pH further increases above pH 6, the sorption decreases slightly. This behavior 

could be caused by the formation of highly soluble uranyl carbonate species,
58

 which 

probably originates from the absorption of residuals of CO2 from air in the sample solution. 

Based on these results, the pH value for the following batch experiments was set between 5 

and 6, where the sorption of UO2
2+

 reaches ~95 %. It has been reported that α-amylase keeps 

the maximum enzyme activity in the range between pH = 5.5 and 8.0,
41

 suggesting that α-

amylase keeps the highest enzyme activity under the current experimental conditions between 

pH 5 and 6. 

The time-dependent sorption behavior of UO2
2+

 with two different α-amylase concentrations 

is shown in Figure 1-right. The sorption of UO2
2+

 begins within the first few minutes and 

reaches a plateau after 5 min. This time frame could be relevant to the contact time of 

substances with saliva in the mouth, where the retention time of the ingested food could last 

up to several minutes.
44

 Moreover, α-amylase can be also found in pancreatic juice,
40,41

 

indicating that this time frame is of particular relevance to the gastrointestinal tract, where the 

retention time is much longer (up to several hours).
44

 Under the same conditions, Eu
3+

 was 

sorbed only ~30 and 60 % at 0.5 and 1.0 g/L of α-amylase concentrations, respectively,
47
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while UO2
2+

 was sorbed ~70 and 90 %, respectively (see Figure 1-right). This suggests a 

higher affinity of UO2
2+ 

for α-amylase than that of Eu
3+

. 

Figure 2 shows the binding isotherm of α-amylase as a function of uranium concentration. By 

fitting the experimental data with the Hill equation (Eq. 1),
45

 which is a modification of the 

Langmuir sorption isotherm, we can obtain the information about the macroscopic interaction 

between UO2
2+ 

and enzyme. The term r in Eq. 1 is the Hill coefficient, where “r = 1” stands 

for non-cooperative systems (i.e., identical or non-identical independent binding sites), “r > 

1” for positively, and “r < 1” for negatively cooperative systems (i.e., interacting binding 

sites). Based on the data in Figure 2, the r value was calculated to be 1.5 ± 0.3 with g = 19 ± 

2, suggesting that α-amylase provides approximately 19 binding sites to UO2
2+

 with a weakly 

positive cooperative character. The corresponding association constant for UO2
2+

, which 

represents an average value for all the possible binding sites of α-amylase, was calculated to 

be log KH = 5.0 ± 0.1. The r value for Eu
3+

 was calculated to be 1.1 ± 0.2 (i.e., nearly non-

cooperative system) with 3 binding sites, and the corresponding association constant was log 

KH = 6.4 ± 0.1,
47

 which is significantly larger than that of UO2
2+

. However, Eu
3+

 is assumed to 

replace the Ca
2+

 at the specific binding site on α-amylase.
47

 Given this fact, the larger number 

of binding sites for UO2
2+

 indicates that the sorption of UO2
2+

 on α-amylase occurs 

unspecifically at any possible binding sites, which is different from the specific sorption of 

Eu
3+

. This difference in sorption behavior could also explain the difference in association 

constants between UO2
2+

 and Eu
3+

. Furthermore, the weak positive cooperative character of 

association for UO2
2+

 could also indicate that the UO2
2+

 binds onto the surface of the protein 

and subsequently induces the alteration of protein structure (opening or unfolding), providing 

additional coordination sites for the sorbed UO2
2+

. In fact, this effect was observed for the 

interaction of UO2
2+

 with hemoglobin and human serum albumin,
36,37

 where the UO2
2+

 alters 

the secondary conformation of these proteins and, as a result, significantly decreases the α-

helix structures.
36,37
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Potentiometric titration 

Potentiometric titration was carried out to gain a further insight into the solution chemistry 

associated with the interaction between UO2
2+

 and α-amylase. With potentiometric pH 

titration measurements, the functional groups of α-amylase with exchangeable protons can be 

identified based on Eqs. (2) and (3), that is, carboxyl- (R−COOH  R−COO
−
 + H

+
), 

hydroxyl- (R−OH  R−O
−
 + H

+
) and amino (R−NH3

+
  R−NH2 + H

+
) groups. α-amylase 

provides a wide variety of functional groups for the interaction with metal ions. In addition to 

the carboxyl groups from Asp and Glu residues, the phenol groups from tyrosine (Tyr), the 

hydroxyl groups from serine (Ser) and threonine (Thr), and the amino groups from arginine 

(Arg), asparagine (Asn), glutamine (Gln), and lysine (Lys) are the potential binding sites for 

metal ions. The deprotonation constants (pKa) of these functional groups have been recently 

determined.
47

 Based on Eqs. (2) and (3) together with the reported pKa values listed in Table 

1, four different complexes were identified under the current experimental conditions. In the 

slightly acidic region of pH = 3~6, the complex with a UO2
2+

 : α-amylase stoichiometry of 1 : 

1 via the carboxylic groups of α-amylase, UO2(R-COO)
+
, is formed. With increasing pH, 

similar complexes with one- and two hydroxo groups, UO2OH(R-COO) and UO2(OH)2(R-

COO)
-
, become major species up to the slightly basic pH of 8. The relevant stability constants 

considering the interaction via a single carboxylic group of α-amylase were determined to be 

log β110 = 5.67 ± 0.08 for UO2(R-COO)
+
, log β11-1 = 0.64 ± 0.07 for UO2OH(R-COO), and log 

β11-2 = -6.29 ± 0.17 for UO2(OH)2(R-COO)
-
. The results also indicate the formation of another 

complex with two carboxylic groups from the identical or different α-amylase molecule(s) 

interacting with UO2
2+

, UO2(R-COO)2, in the pH range between 4 and 6 (Figure 3-left). The 

relevant stability constant was calculated to be log β120 = 10.39 ± 0.21. All the identified 

complexes and relevant stability constants are summarized in Table 1.  
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Time-resolved laser-induced fluorescence spectroscopy 

TRLFS measurements were performed to further investigate the solution speciation of the 

UO2
2+

α-amylase complexes. The luminescence spectra of UO2
2+

 in the aqueous solution 

containing α-amylase at different pH values are given in Figure 4. In the pH range between 2 

and 8, the peak maxima of the spectra showed a red shift as compared to that for the pure 

aquo species of UO2
2+

 ion (black data in Figure 4). The luminescence intensity increased 

when the pH increased from 2 to 3, which is much stronger than that for the pure aquo species 

of UO2
2+

 ion (Figure 4-a). When the pH increased from pH 3 to 6, the intensity further 

decreased. No further change was observed above pH = 6 up to 8 (Figure 4-b and c). The 

time-resolved luminescence spectra indicate two independent luminescence lifetimes of t1 = 

7.1 ± 1.3 µs and t2 = 22.1 ± 2.3 µs, both of which are different from that of either the pure 

aquo species of UO2
2+

 ion or uranyl hydroxyl complexes (Table 2).
59-62

 This suggests that at 

least two independent luminescent species can be considered for the UO2
2+

 ion interacting 

with the protein α-amylase. On the other hand, the species distribution derived from the 

potentiometric titration experiments (Figure 3-right) shows the formation of four different 

UO2
2+

 α-amylase complexes in the pH range between 2 and 8. Given these facts, one could 

interpret the observed decrease of luminescence intensity at the higher pH range as the 

formation of non-luminescence UO2
2+

 species most likely affected by strong quenching 

processes at least at room temperature. Such a quenching effect at room temperature has been 

observed for the UO2
2+

 ions interacting with several organic ligands.
59,63-68

    

Using the complex stability constants determined by potentiometric titration (Table 1), we 

further analyzed the TRLF spectra with the factor analysis program SPECFIT.
51

 The factor 

analysis of the static spectra resulted in two independent spectra, indicating the presence of 

two luminescent UO2
2+

α-amylase species. The resultant two spectra could be assigned to the 

species UO2(R-COO)
+
 and UO2(R-COO)2 (Figure 5), whereas the other hydroxyl containing 

species derived from the speciation calculation (Figure 3), that is UO2OH(R-COO) and 
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UO2(OH)2(R-COO)
-
, are likely to be the non-luminescent species. Although the latter 

hydroxyl containing species are supposed to be non-luminescent, their inclusion on the factor 

analysis is required to obtain reasonable deconvolution results, supporting the possible 

formation of these species in the sample solutions. 

Based on the change of luminescence spectra as a function of pH (Figure 4) and the speciation 

distribution (Figure 3), the observed longer lifetime dominating at lower pH can be assigned 

to the species UO2(R-COO)
+
, while the shorter one dominating at higher pH can be assigned 

to the species UO2(R-COO)2 (Table 2). 

 

Extended X-ray absorption fine structure spectroscopy 

EXAFS spectroscopy was employed to acquire information about the local structure 

arrangement around UO2
2+

 when it is sorbed on α-amylase. Figure 6 shows the k
3
-weighted U 

LIII-edge EXAFS spectra for UO2
2+

 sorbed on α-amylase at two different pH values and their 

corresponding Fourier transforms (FTs). The EXAFS structural parameters obtained from 

theoretical fitting are summarized in Table 3. The interatomic distances (R) of 1.78-1.79 Å 

calculated for U-Oax are typical of the uranyl(VI) arrangement (i.e. UO2
2+

) and also found for 

the uranyl(VI) complexes sorbed on biological substances.
33,34,69-72

  

The second largest FT peaks at around R + Δ = 1.9 Å in Figure 6-right can be interpreted as 

the scattering from two different oxygen shells in the equatorial plane of UO2
2+

. The shorter 

U-Oeq distances (U-Oeq1 = 2.30 and 2.33 Å in Table 3) are significantly longer than those for 

typical U-OH distances (2.24 Å),
73

 but also shorter than those for typical U-H2O distances 

(2.41 Å).
73

 The longer U-Oeq distances (U-Oeq2 = 2.48 and 2.52 Å in Table 3) are significantly 

longer than those for the typical U-H2O distances as well. This indicates that the coordination 

environment around the UO2
2+

 ions sorbed on the protein is significantly different from that 

of either hydroxo- or aquo species of UO2
2+

 ions. The shorter U-Oeq distances (U-Oeq1 = 2.30 

and 2.33 Å at pH 3.5 and 6.0, respectively) are comparable with the U-O distances observed 
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for monodentately coordinating carboxylic groups in small organic molecules and peptides 

(2.25 – 2.32 Å).
74-77

 The Asp and Glu groups in α-amylase, but also the carbonyl moieties (i.e. 

amide) of the peptide main chain and/or the side chains of Asn and Gln, and the phenolic 

units from Tyr can be considered for such shorter U-O distances.
75,78-80

 On the other hand, the 

longer U-Oeq distances (U-Oeq2 =2.48 and 2.52 Å at pH = 3.5 and 6.0, respectively) are in 

good agreement with a typical U-Oeq distance for bidentately coordinating carboxylate groups 

(2.45 – 2.49 Å).
74-77,81

 Additionally, the FT peaks appeared at around R + Δ = 2.2 Å in Figure 

6-right can be interpreted as the single scattering from the C atoms of bidentately coordinating 

carboxylate groups. In fact, the calculated interatomic distances of 2.84 and 2.93 Å are in the 

range of the typical U-C distance for bidentately coordinating carboxylate ligands (2.88 – 2.93 

Å).
74-76,81

 Given these facts, it is reasonable to conclude that the UO2
2+

 ions sorbed on α-

amylase are primarily surrounded by 3-4 carboxyl/ate groups both in mono- and bidentate 

binding modes. However, possible coordination with carbonyl- or phenolate groups are also 

reported,
75,78-80

 and its possibility cannot be completely excluded. The lengthening of U-Oeq 

distances with increasing pH (from 3.5 to 6.0, Table 3) can be attributed to the rearrangement 

of coordinating carboxyl/ate groups from mono- to bidentate modes that is induced by the 

deprotonation of carboxyl groups. In fact, the structural parameters obtained from EXAFS 

theoretical fitting are the average of major species present in the sample and are less sensitive 

for minor species.  

 

Enzyme activity study 

The results discussed above indicate a significant interaction between UO2
2+

 and α-amylase, 

one of the major enzymes in saliva. Since this interaction has been proven to be significant 

even in the actual salivary media,
23

 the effect of UO2
2+

 on the enzyme activity of α-amylase 

was further investigated. 
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Shown in Figure 7 are the relative activities of α-amylase as a function of uranium 

concentration without- and with an excess of Ca
2+

. The enzyme activity decreases 

significantly with increasing the uranium concentration. Lower uranium concentrations of 10
-7

 

M and 10
-6

 M do not affect the enzyme activity. However, rising the uranium concentration to 

10
-5

 M results in the reduction of enzyme activity to ~60 %, which is further reduced down to 

~30 % when the uranium concentration rises to 10
-4

 M. The enzyme activity is completely 

restrained when the uranium concentration reaches 10
-3

 M. These results are in accordance 

with the precedent study by Schneyer, reporting the inhibition of the enzyme activity of 

α-amylase by UO2
2+

.
82

 This precedent study also indicated that the inhibition effect by UO2
2+

 

is reversible, and the addition of α-hydroxo-dicarboxylic acids, such as citrate or malate, after 

the inhibition phenomenon results in the reactivation of the enzyme activity. This reactivation 

phenomenon was interpreted as a result of the preferable complexation of UO2
2+

 with the 

small organic acids (i.e. citrate or malate) that have stronger coordination ability than α-

amylase.
82

  

When an excess of Ca
2+

 ([Ca
2+

]total = 10
-3

 M) was added to the system containing UO2
2+

, the 

inhibiting effect of UO2
2+

 was not only compensated, but also the enzyme activity was rather 

increased slightly (Figure 7). The effect of Ca
2+

 to suppress the inhibition effect of UO2
2+

 

could be interpreted as follows. First, Ca
2+

 occupies the binding sites on α-amylase more 

dominantly and/or faster than UO2
2+

 that is attached to the binding sites of α-amylase 

unspecifically, eventually preventing UO2
2+

 from the binding on α-amylase. A similar 

phenomenon was also observed for the interaction of Eu
3+

 with α-amylase.
47

 However, the 

sorption of Eu
3+

 occurs on specific binding sites of α-amylase
47

 and, therefore, its sorption 

mechanism is different from that of UO2
2+

. Second, the soluble and stable Ca2UO2(CO3)3(aq) 

complex
83

 at higher pH is formed due to the absorption of residual CO2 from air in the sample 

solution, which overcomes the binding of UO2
2+

 onto α-amylase. Both the effects could 

complement each other. The enhancement of α-amylase activity by Ca
2+

 could be caused by 
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the stabilization of enzyme conformation by Ca
2+

 ions interacting with Asp and Glu 

residues.
41

 The concentration of Ca
2+

 employed in these experiments is relevant to the average 

concentration in the gastrointestinal tract, which contains the enzyme α-amylase from saliva 

and pancreatic juice.
21,23

 This suggests that the actual amount of Ca
2+

 in the body fluids could 

be sufficient to suppress the effect of UO2
2+

 on the digestive function of the enzyme α-

amylase. 

 

Conclusions 

We investigated the interaction of UO2
2+

 with the digestive enzyme α-amylase over a pH 

range of 2-8 and uranium/ α-amylase concentrations with a suite of analytical methods. Batch 

sorption experiments showed a fast and strong interaction of UO2
2+

 with α-amylase over the 

pH range that is representative for the in vivo conditions of the human gastrointestinal tract, 

which is consistent with the results for the interaction of Eu
3+

 with α-amylase.
47

 Complex 

stability constants for four UO2
2+

 α-amylase species were determined by assuming the 

interactions via the carboxyl functionality of α-amylase. These constants contribute to the 

improvement of the relevant thermodynamic calculation by supplementing the lack of 

thermodynamic data on bio-macromolecules.
21-23,84

 Although it is obvious that α-amylase is 

an important enzyme that potentially affects the behavior of uranium in saliva and pancreatic 

juice, the interaction between uranium and α-amylase in the actual human digestive system 

occurs in the presence of mucus and other glycoproteins (e.g., mucin, lactoferrin, 

immunoglobulins, etc.). It is therefore important to further investigate the competition of 

uranium coordination among α-amylase and these glycoproteins, which is surely our future 

work. It was also confirmed that UO2
2+

 could reduce the enzyme activity of α-amylase. 

However, given the maximum acceptable level of uranium contamination recommended by 

the WHO (0.13 µM)
11-13

 and the maximum acceptable intake of uranium via drinking water or 
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food (~200 µg/day),
3-5

 the chemotoxic effect of uranium is not expected at least in terms of 

the enzyme activity of α-amylase. Such a chemotoxic effect could be inhibited by an excess of 

Ca
2+

 that is relevant to physiological conditions, in any case. The chemotoxicity of uranium 

would be an issue primarily when a larger amount of uranium intake is expected by accidental 

releases, etc. The quantitative information obtained in this study could contribute to the 

reliable assessment of the health risk of uranium when incorporated into the human body.  
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Tables 

 

 

 

Table 1. Conditional stability constants of UO2
2+

 with α-amylase interacting with its 

carboxylic groups at I = 0.1 M (NaClO4). The log β
0
 values were obtained by extrapolating 

the log β
0.1

 values to infinite dilution by applying SIT.
49

 

 

Species M L H
a
 log β

0.1
 log β

0
 Ref. 

R-COOH 0 1 1 5.23 ± 0.14 5.43 47 

R-NH3
+
/R-OH 0 1 1 10.22 ± 0.10 10.34 47 

UO2[R−COO]
+ 

1 1 0 5.67 ± 0.08 6.07 This work 

UO2OH[R−COO] 1 1 -1 0.64 ± 0.07 1.04 This work 

UO2(OH)2[R−COO]
-
 1 1 -2 -6.28 ± 0.17 -6.08 This work 

UO2[R−(COO)2] 1 2 0 10.39 ± 0.21 10.98 This work 
a
M L H = metal / ligand / H (negative values stand for OH

-
) 

 

 

 

 

 

Table 2. Summary of spectral luminescence parameters for UO2
2+

 species relevant to this 

study. 

 

Species Peak maxima / nm Lifetime / µs Ref. 

Uranyl (aq) species         

UO2
2+

(aq) pH 3.8 471.9 489.2 510.4 533.4 558.9 586.3 1.6 ± 0.2 This work 

UO2
2+

 pH 2.0 470.8 488.8 510.0 533.0 559.0 586.3 1.4 ± 0.1 59 

100 % UO2
2+

          

U(VI) pH 6.0  498 515 534 553 583 20.9 ± 1.5 This work 

65 % (UO2)3(OH)5
+
        

15 % UO2OH
+
        

10 % (UO2)4(OH)7
+
        

5 % (UO2)2(OH)2
2+

        

5 % UO2
2+

        

(UO2)3(OH)5
+
 484 498 514 534 557 583 19.8 ± 1.8 60 

(UO2)4(OH)7
+
          4.2 ± 0.4 60 

UO2OH
+
  482 498 519 543 570 599 35 ± 2 61 

(UO2)2(OH)2
2+ 

 480 497 519 542 570 598   9 ± 1 62 

Uranyl-α-amylase species        

UO2[R−COO]
+
 471.6 493.1 515.1 538.5 563.4 597 22.1 ± 2.3 This work 

UO2[R−(COO)2] 481.5 499.9 520.6 542.8 568.4 594   7.1 ± 1.3 This work 
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Table 3. Summary of EXAFS structural parameters for UO2
2+

 species sorbed on α-amylase at 

different pH. Standard deviations estimated by EXAFSPAK are given in parenthesis.  

 

Sample Shell N
a
 R

b
 [Ǻ] σ

2 c
 [Å

2
] 

UO2
2+

 : α-amylase = 5 : 1  U-Oax
d 

2
e
 1.78(1) 0.00164 

resp. UO2
2+

 : carboxyl = 1 : 10 U-Oeq1 2.8(8) 2.30(2) 0.004078 

initial pH = 3.5 U-Oeq2 1.9(4) 2.48(2) 0.004148 

 U-C 1.0
f
 2.84(2) 0.002

e
 

UO2
2+

 : α-amylase = 5 : 1  U-Oax
d 

2
e
 1.79(1) 0.00208 

resp. UO2
2+

 : carboxyl = 1 : 10 U-Oeq1 3.1(6) 2.33(2) 0.005056 

initial pH = 6.0 U-Oeq2 1.1(6) 2.52(2) 0.001257 

 U-C 0.6
f
 2.93(2) 0.00603 

a 
Errors in coordination numbers are ±25 %. 

b 
Errors in distance are ± 0.02 Å. 

c 
Debye-Waller factor. 

d 
The 

multiple scattering pathes associated with the linear U-Oax arrangement were also included in the fitting. 
e 
Fixed 

parameters. 
f 
Linked with the N value for U-Oeq2 shell by assuming a bidentate coordination mode of the 

carboxylate group. 
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Figure Legends 

 

Figure 1. Sorption of UO2
2+

 on α-amylase as a function of pH with different uranium 

concentrations (left) and as a function of sorption duration (right; [U]total = 1 × 10
-4

 M and 

pH = 6.0). I = 0.1 M with NaCl, T = 25 °C. 

 

Figure 2. Binding isotherm of α-amylase as a function of UO2
2+

 concentration. [α-

amylase]total = 0.2 – 3.0 g/L, pH = 6.0, I = 0.1 M with NaCl and T = 25 °C. The fitting curve 

was simulated according to Eq (1). 

 

Figure 3. Species distribution of UO2
2+

 in the presence of 0.1 g/L of α-amylase (1.8 × 10
-6

 M, 

equivalent to 9 × 10
-5

 M of carboxyl groups) with two different uranium concentrations 

(1 × 10
-4

 M relevant to the potentiometric titration experiments, and 1 × 10
-5

 M relevant to the 

TRLFS measurements) as a function of pH. 

 

Figure 4. Luminescence spectra of 1 × 10
-5

 M UO2
2+

 in the aqueous solution containing 

0.1 g/L of α-amylase at pH between 2.0 and 3.0 (a, showing an increasing trend in intensity), 

pH between 3.0 and 8.0 (b, showing a decreasing trend in intensity), and the variation of the 

sum of luminescence intensity between 460 and 620 nm as a function of pH (c). 

 

Figure 5. Luminescence spectra of two UO2
2+

-α-amylase species extracted by factor analysis. 

 

Figure 6. k
3
-weighted U LIII-edge EXAFS spectra of UO2

2+
 sorbed on α-amylase at different 

pH values (left) and their corresponding Fourier transforms (right). Black lines; experimental 

data, red lines; theoretical fitting. 

 

Figure 7. Enzyme activity of α-amylase as a function of uranium concentration without- 

(purple) and with (green) an excess of Ca
2+

. [Ca
2+

]total = 10
-3

 M. Enzyme activity without 

metal ions relates to 100 %. 
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Figures 

 

 

Figure 1. Sorption of UO2
2+

 on α-amylase as a function of pH with different uranium 

concentrations (left) and as a function of sorption duration (right; [U]total = 1 × 10
-4

 M and 

pH = 6.0). I = 0.1 M with NaCl, T = 25 °C. 

 

 

 

 

 

 

 

Figure 2. Binding isotherm of α-amylase as a function of UO2
2+

 concentration. [α-

amylase]total = 0.2 – 3.0 g/L, pH = 6.0, I = 0.1 M with NaCl and T = 25 °C. The fitting curve 

was simulated according to Eq (1). 
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Figure 3. Species distribution of UO2
2+

 in the presence of 0.1 g/L of α-amylase (1.8 × 10
-6

 M, 

equivalent to 9 × 10
-5

 M of carboxyl groups) with two different uranium concentrations 

(1 × 10
-4

 M relevant to the potentiometric titration experiments, and 1 × 10
-5

 M relevant to the 

TRLFS measurements) as a function of pH. 
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Figure 4. Luminescence spectra of 1 × 10
-5

 M UO2
2+

 in the aqueous solution containing 

0.1 g/L of α-amylase at pH between 2.0 and 3.0 (a, showing an increasing trend in intensity), 

pH between 3.0 and 8.0 (b, showing a decreasing trend in intensity), and the variation of the 

sum of luminescence intensity between 460 and 620 nm as a function of pH (c). 

 

 

 

Figure 5. Luminescence spectra of two UO2
2+

-α-amylase species extracted by factor analysis.  
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Figure 6. k
3
-weighted U LIII-edge EXAFS spectra of UO2

2+
 sorbed on α-amylase at different 

pH values (left) and their corresponding Fourier transforms (right). Black lines; experimental 

data, red lines; theoretical fitting. 

 

 

 

 

 

 

Figure 7. Enzyme activity of α-amylase as a function of uranium concentration without- 

(purple) and with (green) an excess of Ca
2+

. [Ca
2+

]total = 10
-3

 M. Enzyme activity without 

metal ions relates to 100 %. 
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