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Abstract

Hexavalent uranium is ubiquitous in the environment. In view of the chemical and
radiochemical toxicity of uranium(VI) a good knowledge of its possible interactions in the
environment is crucial. The aim of this work was to identify typical binding and sorption
characteristics of uranium(V1) with both the pure bovine milk protein B-casein and diverse
related protein mixtures (caseins, whey proteins). For comparison selected model peptides
representing the amino acid sequence 13-16 of B-casein and dephosphorylated B-casein were
also studied. Complexation studies using potentiometric titration and time-resolved laser-
induced fluorescence spectroscopy revealed that the phosphoryl-containing proteins form
uranium(V1) complexes of higher stability than the structure-analog phosphoryl-free proteins.
That is in agreement with the sorption experiments showing a significantly higher affinity of
caseins towards uranium(V1) in comparison to whey proteins. On the other hand, the total
sorption capacity of caseins is lower than that of whey proteins. The discussed binding
behavior of milk proteins to uranium(VI) might open up interesting perspectives for
sustainable techniques of uranium(VI) removal from aqueous solutions. That was further
demonstrated by batch experiments on the removal of uranium(VI) from mineral water

samples.



Introduction

Uranium, an element of both chemotoxicity and radiotoxicity, is ubiquitous in the
environment. Ground waters and surface waters contain traces of uranium which arise from
natural and anthropogenic uranium sources.'® A limit of 30 pgL?! uranium was
recommended for drinking water by the World Health Organization (WHO).*® In the majority
of cases worldwide this limit value is well met or clearly undercut. However, there are also
cases where the limit is exceeded or where there are concerns that it might become exceeded
in the future. This includes both tap drinking water>® and bottled mineral water.” High
uranium concentrations in natural waters are due to the weathering of uranium-containing
minerals® as well as anthropogenic influences such as mining activities,'® the excessive use of
phosphate fertilizers,®> 8 ° the use of uranium-containing ammunition,’® ' or nuclear
accidents, > 13

In aerobic systems, uranium exists mainly in the hexavalent state as the uranyl cation, UO2?",
which renders it relatively soluble in natural waters and, thus, relatively mobile in the
environment. The uranyl ion is a Lewis acid metal ion with a trans-oxo group being formally
trifold, having an effective charge of +3.21* and thus constituting a strong acid within the
HSAB concept.’® It forms stable complexes only in the equatorial plane and namely with
Lewis bases such as hydroxide, carbonate or phosphate.’®® This includes reactions with
organic ligands possessing strong binding functions such as carboxyl, hydroxyl, amino or
phosphoryl groups.t®2° These groups are abundant in peptides and proteins; their multifaceted
reactions with the uranyl ion are discussed in the literature to an increasing extent.?"28
Especially phosphoryl-containing proteins with strong binding properties for heavy metal ions
including the uranyl ion are in the focus of interest.%-3

Uranium finds its way into the human body via potable water and fresh plants such as
vegetables and fruits, but also via the detour of animal products.® % Although the

consumption of milk is normally not the primary pathway of uranium incorporation by
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humans, the relatively high proportion of milk and dairy products in the human diet and the
complex composition of milk make the investigation of uranium interactions with the
constituents of milk an essential task. Milk and dairy products are an important link in the
food chain of humans. In particular, a high fraction of baby food is based on milk and milk
products. The uranium concentration of bovine milk is typically <1 pg L (<4-10° M),36: 3
even though higher concentrations have also been reported.® Milk is a very complex system
consisting of a multitude of components, among them especially proteins of different structure
and bioactivity.3> 4’ Figure S1 (Supporting Information) gives a schematic illustration of the
composition of cow milk. The two major protein groups in bovine milk are caseins (80%) and
whey proteins (20%).*! The main difference between the two groups is the presence of strong
binding phosphoryl functions in caseins. It is known, that different milk proteins bind a
number of metal ions, especially transition metal ions, such as Mn?*, Cu?*, Zn?*, Cd?*, Hg?*,
Cr¥*, Fe**, but also the main group ions Mg?*, Ca?*, Pb%*, AI** and In®".42*> Until now the
knowledge about specific chemical interactions between UO2?* and the different milk
components is very limited. To the best of our knowledge, there is only a paper by Bolisetty
and Mezzenga“® discussing the utilization of the whey protein B-lactoglobulin in the form of
an amyloid-carbon hybrid membrane for binding and separation of uranyl ions from aqueous
solutions.

The present study is aimed at investigating the reactions of uranium(VI1) with milk proteins
isolated from cow’s milk. A better knowledge of these reactions will improve our
understanding of the behavior of uranium(V1) traces in the food chain. This may make the
assessment of the damage to the human body in the case of uranium(VI) ingestion more
reliable. Even though the principal mechanisms of uranium(V1) toxicity to humans are known
there is still only insufficient knowledge about the molecular interactions underlying this
toxicity."® 10 11 3335 1mproving this knowledge creates a base for the development of better

decorporation strategies in the case of accidental uranium(V1) incorporation by individuals.3*
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3 There is still a remarkable lack of efficient means for heavy metal decorporation.*” 4
Biogenic remedies for uranium(V1) decorporation made from milk proteins which cause only
few medical side effects are conceivable. Furthermore, milk proteins are also of interest from
a technological point of view. A multitude of suggestions have been made to solve the
problems of uranium(V1) removal from waters. This includes the purification of uranium(V1)
containing mining or industrial waste waters, the removal of uranium(V1) traces from ground
waters for obtaining potable water as well as the extraction of uranium(V1) from sea water for
its use in energy production.3* 46 4964 The sorbents suggested for uranium(VI) adsorption
range from cost effective run-of-the-mill substances such as tannin,%® chitin/chitosan® or
algal/microbial/fungal biomass®® to especially designed sophisticated protein scaffolds that are
expected to act as tailor-made pockets for accommodating metal ions within their structures
by chelation.®* It needs to be elucidated if milk proteins or milk protein derivatives are
suitable for uranium(V1) removal from environmental waters and if they may open up a new
way of water purification being both efficient and cheap.

First, the interactions of uranium(VI) with selected bovine milk proteins have been
investigated in our study using sorption experiments with uranium(V1) on isolated milk
proteins. On the basis of the Langmuir isotherm, information on the loading capacity and the
binding affinity of different milk proteins is derived. Second, the reaction between milk
proteins and uranium(VI) is regarded as a complexation reaction of the uranyl ion with
functional groups on the proteins and the complex stability constants for different milk
proteins and different functional groups were determined. Third, the results gained from the
reactions of uranium(VI) with the different milk proteins and the different functional groups
are further specified by comparison with the results of uranium(V1) complexation experiments
with synthetic low-molecular peptides (protein sequences) of structures similar to those of the
natural milk proteins. Low-molecular peptides originating as fragments from milk proteins are

also present in raw milk.®® To identify the mechanisms of uranyl binding to milk proteins, the
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reaction of uranium(VI) with B-casein was compared with the reaction with less complex
synthetic peptides representing the amino acid sequence 13-16 of B-casein (Val-Glu-Ser™-Leu;
VESPL; explanation of the abbreviations see Scheme 1). Moreover, this sequence was also
modified. To assess the influence of the steric properties of the N-terminal amino acid, Val
was substituted by Gly (GESPL). To prevent any influence of the p-carboxyl group of Glu,
this amino acid was substituted in VESPL by Ala (VASFL). The peptides were also
synthesized as their unphosphorylized versions to investigate the uranyl complexation in the
absence of phosphoryl groups (VESL, GESL and VASL). Furthermore, Ser in VESL was
substituted by Ala to find out if the 3-hydroxy group of Ser is involved in uranyl binding
(VEAL). Scheme 1 shows the chemical structure of the synthetic peptides. The tetrapeptides
were not protected at their termini. Consequently, some carboxylic acid and amine functions
are available for uranyl binding that are not accessible in the same fragment of the protein.
Nevertheless, investigating the influence of the phosphoryl groups as the most important
focus of this study was possible. Finally, the results received for caseins were also compared

with those of uranyl complexation experiments employing dephosphorylated casein.
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Scheme 1. Structure of the synthetic model ligands L-Valinyl-L-glutamic acid (VE), L-Valinyl-L-
serine (VS), L-Valinyl-L-glutamyl-L-alanyl-L-leucin (VEAL), L-Valinyl-L-glutamyl-L-seryl-L-leucin
(VESL), L-Valinyl-L-alanyl-L-seryl-L-leucin (VASL), Glycyl-L-glutamyl-L-seryl-L-leucin (GESL),
L-Valinyl-L-glutamyl-L-phosphoseryl-L-leucin ~ (VESPL),  L-Valinyl-L-alanyl-L-phosphoseryl-L-
leucin (VASPL), Glycyl-L-glutamyl-L-phosphoseryl-L-leucin (GESFL) and the proteins casein and
dephosphorylated casein.



Results and discussion

Adsorption of uranium(VI) onto milk proteins

Screening experiment. Table 1 gives the distribution of uranium(V1) in the three fractions of
our screening experiment with undiluted skim milk at pH 4.6 and 6.7. The screening
experiment qualitatively illustrates the high sorption affinity of milk proteins for uranium(V1).
More than 99% of the uranium(V1) is removed by the milk proteins (casein and whey) from
the samples; uranium(V1) is not even detectable in most of the 10-kD ultra filtrates, i.e., the

removal of the uranium(V1) is almost complete.

Table 1. Distribution of uranium(V1) in undiluted pasteurized and homogenized skim milk
(screening experiment at varied pH).

pH  Adjusted Fraction of uranium [%]
uranium Pellet Centrifugate 10-kD filtrate
concentration [M] (mostly casein) (whey) of whey
46 10° 99.9 0.06 <01
10 99.7 0.4 <0.1
107 86 14.4 <0.1
6.7 10° 92.8 7.0 0.2
10° 94 6.0 <0.1
107 99.9 <0.1 <0.1

Adsorption of uranium(VI) onto the unseparated milk protein fraction. Figure 1 a shows the
adsorption isotherm of uranium(VI) onto the unseparated milk protein fraction of >10 kDa at
pH 4.6. The starting point of assessing sorption data should be a physical model of the
sorption process. The caseins form micelles cross-linked by colloidal calcium phosphate
which are tens to hundreds of nm in size*" % and even the constituents of such casein
micelles, the casein macromolecules, have molecular weights of many thousands of Daltons.*!
Whey proteins, too, have molecular weights of thousands of Daltons.®” This means that the
milk protein particles are much bigger than the uranyl ions or inorganic uranyl complexes in

the water. Because of this difference we classify the reaction between uranyl and the milk



proteins as adsorption in this part of our study. We regard our system as a two-phase system
with the crucial interaction occurring at the protein-water interface (also considering that this
system is easily converted from a “microscopic” two-phase system into a “macroscopic’ two-
phase system as for instance by ultracentrifugation or by casein precipitation with an acid). A
reasonable approach of describing such a system is the application of a surface complexation
model since it is plausible that the adsorption reaction proceeds at specific sites, i.e.,
functional groups (see also following paragraphs). However, for one specific (constant) pH
value, as in our case, there is no difference between a surface complex formation constant and
a Langmuir adsorption constant, K..®8 Therefore, we apply the Langmuir model in this part of
the study and fit our experimental adsorption isotherm (Figure 1 a) to a Langmuir isotherm
which has the form

K. Ce
Q = Qn’ax A (l)

1+K| Ceq

where Q (mol g?) is the amount of uranium(V1) adsorption, Qmax (Mol g?) is the maximum
amount of uranium(VI) adsorption (adsorption capacity), and K. (L mol) is the Langmuir
isotherm constant. The fit provides a reasonable result for uranium(VI) equilibrium
concentrations of up to 0.3 mg L (1.3-10° M). Both, the high sorption affinity (K. is a
measure of the sorption affinity) and the high sorption capacity, Qmax, 0f the milk proteins for
uranium(V1) are reflected in the fit. Table 2 gives the fit parameters together with the
coefficient of determination, R?, of the fit and the standard errors of the individual fit

parameters.
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Figure 1. Experimental data and fitted Langmuir isotherm of uranium(V1) adsorption at pH 4.6 onto
the unseparated milk protein fraction of >10 kDa (obtained from pasteurized and homogenized milk)
(a) and “acid casein” (obtained from fresh milk) in water (black) and in SMUF solution (green) (b).

Table 2. Parameters of uranium(VI) adsorption onto “acid casein”, whey proteins in water
and SMUF and the unseparated milk protein fraction >10 kDa based on the Langmuir
isotherm (pH 4.6). Tentative values are given in italics.

Langmuir parameter “Acid casein” Whey protein Unseparated
milk protein
H.0 SMUF H20 SMUF frantion
Qmax 3.1-10* 3.5-10* 1.2:10° 8.0-10™* 4.0-10
[mol U(g protein)?]  (£0.3-10%)  (£0.2:10%) (x0.1-10) (£2.3-10%)  (£0.5:10%)
Kc 2.7-107 2.9-107 4.7-10° 2.0-10° 2.0-107
[L(mol U)?Y] (£1.7-10")  (£0.6:10")  (£1.4-10°) (x1.0-10°)  (£1.0-107)
R? 0.90 0.97 0.86 0.84 0.72

Adsorption of uranium(VI) onto the separated casein and whey protein fractions. Figure 1 b
shows isotherms of uranium(VI1) adsorption onto casein separated from fresh milk (“acid
casein”). The data were fit to the Langmuir isotherm and both, the adsorption capacity, Qmax,
and the Langmuir adsorption constant, K., were derived as described above. The similarity of
the isotherms in Figure 1 a and b is obvious. It demonstrates that, at least in the concentration
range covered by Figure 1 a and b, the adsorption behavior of milk proteins is governed by
the adsorption of uranium(VI) onto the caseins. This can also be seen from the adsorption
parameters Qmax and Kp given in Table 2 that are very similar for the “acid casein” and the

unseparated milk protein fraction. Another important finding is that the casein experiments in
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water and in the phosphate-containing SMUF yield very similar results indicating that the
affinity of casein to uranium(VI1) is even higher than the affinity of inorganic phosphate to
uranium(\V1).

Uranium(VI1) adsorption experiments were also performed on the whey protein fraction
separated from fresh milk. The results are given in Figure S2, Supporting Information. Three
pieces of information are obvious from Figure 1 and Figure S2, Supporting Information:

(i) The slope of the isotherms in the origin of co-ordinates, i.e., the sorption affinity, is much
lower for the whey proteins than for the caseins.

(i) Whey proteins can reach a higher sorption loading (may possess a higher sorption
capacity) than caseins.

(iii) There is a large difference in the experiments of whey proteins between water and SMUF
(the inorganic phosphate can outcompete the whey protein in uranium(VI) complexation
which is not possible for caseins and which emphasizes the higher uranyl affinities of caseins
in comparison with whey proteins).

Unfortunately, the results showed broad scattering of data in the case of whey proteins. The
reasons for this scattering are not clear. It may have been caused by technical problems since
we found significant residues of inorganic phosphate in our samples resulting from the protein
separation process. Phosphate is able to compete with uranyl adsorption onto the organic
ligands in the case of whey proteins whereas it is not in the case of caseins (see above).
However, there may also be intrinsic reasons because caseins have a random coil structure
whereas whey proteins possess a tertiary structure® which may hamper the access of uranyl to
the binding sites of whey proteins as long as the tertiary structure is not unfolded. We do not
have information about the folding states of the whey proteins under the conditions of our
experiments. Nevertheless, we also derived values of Qmax and K. for the whey proteins. We
give them in italics only in Table 2; they should be taken as “tentative” values because of the

strong scatter in data. The values of Qmax in Table 2, too, suggest that whey proteins possess a
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significantly higher adsorption capacity for uranium(VI) (1.2:10° mol g* in H20 and 8.0-10*
mol g* in SMUF) than the caseins (3.1-10* mol g in H20 and 3.5:10* mol g* in SMUF),
but that the Langmuir constant K. in H2O and SMUF is much lower for the whey proteins
than for the caseins (4.7-10° and 2.0-10° L mol™ instead of 2.7-10” and 2.9-10" L mol™?). In
particular the difference in K. (indicating sorption affinity) is striking. In the following
sections we show that this is due to the presence of phosphoserine (P-Ser) residues in the
structure of the caseins which whey proteins do not possess. Table S1 (Supporting
Information) gives the number of phosphoryl groups per molecule for the individual caseins.
A link between the uranyl loading capacity Qmax and the chemical composition of the casein
can be established. A loading capacity of 3.1-10* mol g was found for “acid casein” in H20
(Table 2). From the molecular weights of the individual casein components and the
percentage composition of bovine casein (Table S1, Supporting Information) an “average
molecular weight” of the “acid casein” can be derived. It amounts to 22.4 kDa. We can
conclude from this value that the maximum loading of our “acid casein” is about 7 mol
uranium(V1) per mol casein. From the number of the P-Ser residues of the individual caseins
(Table S1, Supporting Information) and the percentage composition of the casein mixture an
“average number” of phosphoryl groups in the molecules of “acid casein” of ~6 can be
derived. Considering the uncertainty of the measured value of Qmax and that carboxylic groups
start to play a role in addition to the phosphoryl groups when the uranyl-phosphoryl
complexation approaches saturation (see following paragraphs), a slightly higher uranium(VI)
loading of 7 mol uranium(VI) per mol casein than that to be expected from the number of
phosphoryl moieties in the casein mixture alone, i.e. 6 mol uranium(VI1) per mol casein, is a
reasonable approximation.

Sorption experiments with uranium-rich natural spring water. The adsorption power of casein
was also demonstrated by sorption experiments with uranium-rich natural spring water

(Heinrichsquelle Niirtingen). We found a uranium concentration of 371 pg L (1.56:10° M)
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in this water. In the as-received state of the water (pH 8.3), 97.2% of the uranium was able to
pass through a 10-kDa filter and was found in the ultra-filtrate, i.e., could be regarded as
existing in a truly dissolved form such as uranyl carbonato or calcium uranyl carbonato
complexes.” The picture changes if “acid casein” is added to the spring water (pH 8.3). Only
3.2% of the uranium is still able to pass through the filters under this condition. Most of the
uranium (96.8%) is removed from the truly dissolved fraction and bound to the casein. After
acidification to pH 4.6 the removal and binding to the casein was virtually complete; less than
0.15% of the uranium passed through the ultrafilter (see Figure 2). The experiment shows that
casein is an effective adsorbens for uranium, even if the pH is increased and the carbonate

concentration is high (compared to that of groundwater, drinking water etc.).

pH 8.3 ~0
addition of casein

pH4.6 as received

Figure 2. Removal of uranium from uranium-rich natural spring water by ultrafiltration with
and without addition of B-casein at different pH.

Deprotonation behavior of the peptides and proteins

The potentiometric titration curves of the pure ligands in the absence of uranium(VI1)* were
analyzed based on the deprotonation of discrete monoprotic acids according to reaction

R-AiH S R-A; + H* (2)

13



where R is the ligand with the functional groups Ai. The corresponding deprotonation

constant K, can be written as

K, = R-A I 3)
R-AH]

[R—Ai] and [R—AiH] represent the concentrations of the deprotonated and protonated forms
of the functional group Ai and [H*] is the proton concentration in the solution. The ligands
investigated include carboxyl, phosphoryl, amino and hydroxyl groups. Table 3 shows
potential deprotonation reactions together with the pKa ranges to be expected for these groups

in peptides and proteins.’?"

Table 3. Potential deprotonation reactions and pKa ranges to be expected for the
corresponding functional groups in peptides and proteins.’?"®

Functionality Dissociation equation pKa range
OC-COOH R-COOH 2 R-COO' 2.3 — 3.3
B,y-COOH 3.2-48
-OPOzH> R-O-PO3H; 2 R-O-POsH + H* 05-1.0
-OPO3H" R-O-PO3H 2 R-O-P0Oz* + H* 5.5-6.2
a-NH3" + + 74-9.1
e-NHs* R-NH3" 2 R-NH2 + H 9.9_111
-OH R-OH 2 R-O" + H* 9.9-125

To provide a base for the interpretation of the protonation and binding behavior of B-casein,
selected synthetic di- and tetrapeptides were included in the study. The peptides represent the
protein sequence 13-16 of B-casein. Further modifications were performed to test whether or
not different functionalities cause differences in the protonation and complexation behavior
(see Introduction and Scheme 1). The fit of the experimental data was done with the
HYPERQUAD code.™

Table 4 gives the stepwise deprotonation constants pKa derived from the titration curves. The

titration curves together with the fits and the resulting speciation diagrams of the systems
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(species concentration vs. pH) together with the chemical structure of the involved species can

be found in Figures S3 through S10 (Supporting Information).

Table 4. Stepwise deprotonation constants of the peptides and proteins determined by
potentiometric titration at T=25°C and | =0.1 M (NaClQOy).

pKa[a]
-OPO3H; a-COOH B,y-COOH -OPO3H"  a-NH3" ¢-NH3*/-OH
VE 3.16(1)  4.42(1) 8.09(1)
VEDP! 3.15(1)  4.36(1) 8.05(1)
VS 3.18(1) 7.86(1)
VESL 3.54(1)  4.22(1) 7.90(1)
VASL 3.42(1) 7.65(2)
GESL 3.19(1)  4.58(1) 8.16(1)
VEAL 3.17(1)  4.39(1) 7.88(2)
VESPL 1.27(1)  357(1)  4.43(1) 6.45(1) 8.38(1)
VASFL 1.12(2)  3.82(1) 6.27(2) 8.28(3)
GESPL 1.59(1) 3.63(1) 4.33(1) 6.08(1) 8.65(3)
a-caseinl® 0.9 2.95 4.1 5.3 8.1 10.8
B-casein 151(1) 2.94(1) 4.61(2) 5.50(1) 7.11(1) 9.97(2)
“acid casein” 1.96(1) 3.05(1) 4.97(1) 5.50(1) 6.92(1) 9.92(2)
dephos. casein 2.99(1) 4.83(1) 6.34(1) 9.89(3)

[a] Errors of the last significant decimal place (o) are given in parentheses.
[b] from Kallay et al.””; 1 = 0.2 M (KCI).
[c] from Osterberg™; 1 = 0.15 M (KCI).

Good agreement of the deprotonation constants with the literature was found for the dipeptide
VE.”” On the basis of this information and of deprotonation constants for the amino acids Glu,
Ser and P-Ser’* (see Table S6, Supporting Information), conclusions on the more complex
systems such as the tetrapeptides and the milk proteins can be drawn. That is, three
deprotonation steps are expected and found for VE, i.e., that of the carboxyl group of the C-
terminus, that of the carboxyl group of the Glu residue, and that of the amino group of the N-
terminus. They are represented by the corresponding deprotonation constants in Table 4. Very
similar constants are found for the tetrapeptides VESL/VESPL, VEAL and GESL/GESFL.
Thus, the pKa values of VE can be used for the identification of the deprotonation steps of
these tetrapeptides. In Figure 3 the speciation diagram and the respective deprotonation steps

of VESL are depicted as an example.
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However, there are two more deprotonation steps in VESPL and GESPL compared to VE,
VESL and GESL. This is due to the phosphorylation which introduces a new proton binding
group showing two deprotonation steps. The speciation diagrams depicted in the Supporting
Information (Figures S3, S6 and S7) reflect these differences in protonation behavior. Very
similar diagrams are obtained for VE, VESL, VEAL and GESL (Figures S3 and S6,
Supporting Information), but more species come into the play and more complex diagrams
result for VESPL and GESPL (Figure S7, Supporting Information). The interpretation for
VASL/VASPL is based on the dipeptide VS, missing the Glu residue (Table 4 and Figures S4,

S6 b and S7 b, Supporting Information).
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Figure 3. Speciation and respective species of the tetrapeptide VESL in dependence on pH at
a peptide concentration of 3-10° M (1 = 0.1 M).
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Six deprotonation constants could be identified for B-casein and “acid casein” (Table 4). On
the basis of the results for the synthetic tetrapeptides these constants could be assigned as
follows. The pKa value of 2.94/3.05 refers to the carboxyl group of the C-terminus, the value
of 7.11/6.92 relates to amino groups of the N-terminus of histidyl or cysteinyl residues and the
values of 4.61/4.97 to carboxyl groups of aspartic acid (Asp) and Glu residues, whereas a
value at 9.97/9.92 can be related to amino- or hydroxyl groups of lysyl, tyrosyl, or arginyl
residues. The pKa values of 1.51/1.96 as well as 5.50 refer to the phosphoryl groups of P-Ser
residues. These pKa values are within the range of the literature values published for a-casein
(see Table 4).”> The speciation diagrams of B-casein and “acid casein” (Figure S9, Supporting
Information) bear resemblance to those of VESPL and GESPL (Figure S7, Supporting
Information), except for the last dissociation step of the e-NHs- or OH-groups which are
missing in the case of the tetrapeptides. Four proton binding constants were identified for the
protein mixture obtained by alkaline dephosphorylation of “acid casein” (final degree of
phosphorylation: 23%), belonging to carboxyl-, hydroxyl-, and amino groups (see Table 4).
But although the casein was not completely dephosphorylated, no protonation constants
belonging to these few remaining residual phosphoryl groups could be calculated. The effect
of dephosphorylation is obvious. Figure S10 (Supporting Information) gives the
corresponding speciation of dephosphorylated -casein, resembling those of VESL and GESL
(Figure S6, Supporting Information), except again for the last dissociation step of the e-NHs-
or OH-groups which are missing in the case of the tetrapeptides.

The protonation constants determined for the proteins are apparent protonation constants.
Since there is a multitude of protonable groups which cannot be distinguished from each other
(e.g., differentiation between the individual Glu and Asp residues etc.), the protonation
constants are obtained in the form of collective values. However, it is striking that the
constants found for p-casein agree very well with those reported in the literature for the

individual amino acids. This is likely due to the fact that the caseins mainly occur as open
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chains in a random coil arrangement with no tertiary structure®® which makes the functional

groups well accessible.

Complex formation with uranium(V1) identified by pH potentiometry

The potentiometric titration data of the peptides and proteins in presence of the uranyl ion
were analyzed based on the formal complex formation equation for discrete binding sites

X UO2?* + y R-Ai + 2 H" 5 [(UO2)x(R—Aj)yH x> ¥™* 4)

and the mass action law which provides the complex stability constant log K:

K = [(UOZ)X(R 'Ai)sz]

h 2+ (5)
[UO, ™ T [R-AP[HT]*

The pKa values from the potentiometric ligand titrations (cf. Table 4) were used as initial data.
The HYPERQUAD code™ was used for the parameter derivation, including the uranyl
hydrolysis constants taken from the respective NEA TDB volume (Table S7, Supporting
Information).'® These data are also the basis for all following speciation diagrams that include
the uranyl cation.

Tables 5 and 6 give the stepwise complex stability constants of uranium(V1) with the di- and
tetrapeptides VE, VS, VESL, VEAL, GESL, VASL, VESPL, GESPL and VASPL. Here it was
assumed, that the respective complexations are highly reversible as they do not include any
molecular re-structuring or changes in oxidation states and are occurring in homogeneous
aqueous solution. Also other papers dealing with related reaction scenarios did not find any
indications of irreversible complex formation.3> 3 77 7 Moreover, the above assumption

allows an overall interpretation that is free of internal contradictions.
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Table 5. Stepwise stability constants of uranyl complexes with the synthetic dipeptides VE
and VS determined by potentiometric titration at T = 25 °C and | = 0.1 M (NaClQOy).

VE VS deprotonation step
Speciest® M L HP! Jog KT Speciesl® M L HE!  Jog K[

UO,LH,* 112 4.11(4) a-COO

UO,LH* 111 4.39(4) y-COO"
UO2(LH): 122 10.78(12) y-COO"

UO.L 110 7.43(6)  UO.L* 110 6.71(15) a-NH;

UO.L(OH) 11-1  -5203) UOL(OH) 11-1  -4.82(7)
UO.L(OH)> 11-2  -7.293) UO.L(OH)y 11-2  -6.37(9)
UO,L(OH)s* 11-3 -8.39(18)

[a] L stands for the completely deprotonated dipeptide; for the chemical formulas of the stepwise deprotonated
ligand species see Figures S3 (VE) and S4 (VS), Supporting Information.

[b] M L H = metal/(completely deprotonated) ligand/H* (negative values stands for OH")

[c] Errors of the last significant decimal place (c) are given in parentheses.

Table 6. Stepwise stability constants of uranyl complexes with the synthetic tetrapeptides
determined by potentiometric titration at T = 25 °C and | = 0.1 M (NaClQOy).

Speciest® M L HIbI log K deprotonation step
VESL GESL VEAL

UOoLHZ 112 3.86(2)  411(3)  a-COO’

UO2LH* 111 525@3) 501(2) 4353)  -COO"

UO2L 110  659(7)  7.11(7)  7.04(3)  a-NH»

UOL(OH) 11-1  -472(3) -4.93(3)  -5.44(3)
UO.L(OH)* 11-2 -6.82(2)  -7.09(3)  -6.85(3)
UO.L(OH):* 11-3  -856(3)  -9.15(15) -9.11(16)

VASL
Uo,L* 110 6.26(11) a-NH
UOL(OH) 11-1  -4.66(5)
UO.L(OH), 11-2  -6.30(4)
UO,L(OH)s* 11-3 -8.21(8)

VESPL GESPL

UO,LHs" 113 2.49(2) 3.62(2) a-COO
UO2LH; 112 5.03(1) 5.71(2) »-COO"
UO.LH- 111 6.95(2) 7.13(2) B-OPO*
UO,L* 110 8.40(5) a-NH;
VASPL

UO,LH," 112 3.12(2) a-COO
UO2LH 111 6.44(2) S-OP0Oz>
UO,L- 110 9.02(4) a-NH;

[a] L stands for the completely deprotonated tetrapeptide; for the chemical formulas of the stepwise deprotonated
ligand species see Figures 3 (VESL), S6 (GESL, VEAL, VASL) and S7 (VESPL, GESPL, VASPL), Supporting
Information.

[b] M L H = metal/(completely deprotonated) ligand/H* (negative values stands for OH")

[c] Errors of the last significant decimal place (o) are given in parentheses.
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Figure 5. Speciation of uranium(V1) with VESL (a) and VESFL (b) in dependence on pH at a uranyl

concentration of 1.5-10* M and peptide concentration of 3.0-10° M (I = 0.1 M NaClO4). Notation of
the complexes can be found in Table 6.

In Figure 4 we show the speciation of uranium(VI), generated on the basis of the uranyl
hydrolysis and uranyl carbonate constants (Table S7, Supporting Information) & 7 in water
under ambient conditions (Figure 4 a) and under inert gas conditions, i.e., exclusion of CO>

(Figure 4Db), as a reference. The speciation diagrams of uranium(VI) with VESL and
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VESPL,2 based on the data from Table 6 and the uranyl hydrolysis constants (Table S7,
Supporting Information),'® can be found in Figure 5 as two examples. Further examples for
the other peptides are shown in Figures S11 and S13 (Supporting Information). The
uranium(V1) speciation in the presence of the peptides should be compared with Figure 4 b,
because the experiments were carried out under inert gas conditions. For the tetrapeptides the
results with respect to uranyl complexation can be generalized as follows:

Q) All tetrapeptides, whether or not possessing phosphoryl groups, suppress the formation
of uranyl hydroxo complexes by forming their own strong complexes.

(i)  Tetrapeptides possessing phosphoryl groups cause stronger complexation in the acidic
to neutral pH than those without phosphoryl groups.

(iii)  Tetrapeptides without phosphoryl groups tend to form ternary uranyl hydroxo peptide
complexes leading to a stronger complexation in the basic pH range compared to the
complexes of phosphoryl containing tetrapeptides.

(iv)  The modification of the tetrapeptide VESL with Gly (G) instead of Val (V), leading to
GESL (without the t-butyl group of Val; see Scheme 1), results in the formation of stronger
complexes, especially at very acidic pH.

(v) Substitution of Glu (E) in VESL with Ala (A), forming VASL (without the p-carboxyl
group of Glu), causes weaker complexation in the acidic pH.

(vi)  Replacing Ser (S) in VESL by Ala (A), resulting in VEAL (without the hydroxyl
group of Ser), again, results in stronger complexation of UO,?* in the very acidic pH range.
(vii)  For the phosphorylated tetrapeptides the effects (iv) through (vi) are less pronounced.
Consequently, the complexation behavior of the peptides is primarily dependent on the nature
of the functional groups. This is especially pronounced at rather acidic pH values. However,
effects caused by the structure of the whole ligand molecule (position of the functional groups
within the structure, influences of the side chains in the vicinity of functional groups, chelate

and scaffold effects etc.) are of less relevance.
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Table 7 presents the stepwise stability constants of the uranyl complexes with B-casein, “acid
casein” and dephosphorylated “acid casein” as determined by pH potentiometry. They can be
related to the stability constants of the uranyl complexes with the peptide sequences (Tables 5

and 6) to identify the individual functional groups.

Table 7. Stepwise stability constants of uranyl complexes with B-casein, “acid casein” and
dephosphorylated “acid casein” determined by potentiometric titration at T = 25 °C and
| =0.1 M (NaClOy).

Speciest® M L HIbI log K] deprotonation step
B-casein “acid casein”
UO,LHs* 115 2.14(2) 1.69(2) B-OPO3H"
UO2LH4* 114 2.48(3) 3.94(2) a-COO"
UO,LHs* 113 4.57(5) 4.94(5) B/y-COO"
UO2LH, 112 7.14(3) 7.29(3) B-OPO*
UO,LH- 111 7.79(14) 7.97(11) a-NH;
UO,L? 110 10.68(30) 10.86(24) &-NH;
dephosphorylated “acid casein”
UO,LHs** 113 2.54(1) a-COO"
UOLH% 112 2.98(1) B/y-COO"
UO,LH* 111 8.05(3) o-NH;
UO,L 110 11.72(8) e-NH;
UO.L(OH) 11-1 -6.78(3)

[a] L stands for the completely deprotonated protein; chemical formulas of the stepwise deprotonated species see
Figure S9 (“acid casein” and B-casein) and S10 (dephosphorylated “acid casein”), Supporting Information.

[b] M L H = metal/(completely deprotonated) ligand/H* (negative values stands for OH).

[c] Errors of the last significant decimal places (o) are given in parentheses.
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Figure 6. Speciation of uranium(V1) with B-casein (a), “acid casein” (b) and dephosphorylated “acid
casein” (c) in dependence on pH at a uranyl concentration of 1.0-10° M and protein concentration of
3.0-10* M (1 = 0.1 M NaClO.). Notation of the complexes can be found in Table 7.

The speciation diagrams®® on the basis of the data from Table 7 and Table S7 (Supporting
Information)*® are depicted in Figure 6.

Six species were found for the complexation of UO,?* with B-casein. The speciation diagram
(Figure 6 a) shows that the free uranyl ion is almost non-existent; at pH 1 already 90% of the
uranium(VI1) occurs as UO2LHs*". The main species at slightly less acidic pH is UO2LHs* and
the dominating species at near-neutral pH of 4.5 to 7 is UO2LH,. At slightly alkaline pH

UO2LH" and UO,L%* occur. Small amounts of binary uranyl hydroxo species appear only
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above pH 7.5. Ternary species were not observed. Similar uranium(V1) complex species were
also identified for the “acid casein”. As expected, their stability constants correlate relatively
well with those of the B-casein, even though there are differences. The latter are also reflected
in Figure 6 b which demonstrates that the complexation reactions in the two casein samples
are similar but not identical.

Two species less than for B-casein and “acid casein” are expected for the complexation of the
uranyl ion with dephosphorylated acid casein. We found five species which, however, include
a ternary uranyl hydroxo species that did not appear with the phosphorylated casein forms. No
complex stability constants corresponding to the phosphoryl group were found although 23%
of the dephosphorylated “acid casein” was still phosphorylated. The missing of phosphoryl
groups is also to be seen in the speciation diagram (Figure 6 c). In the strongly acidic region
there is still free UO,2* before the species UO,LH3%* starts to dominate. The by far most
prevailing species in the middle region of the pH scale is UO2LH*. In the alkaline region the
ternary species UO.L(OH) appears. The results for the milk proteins fit into the picture
obtained for the synthetic peptides and summarized in bullet points (i) through (vii) and
support the conclusions drawn above.

However, the geometry and stability of the uranyl protein complexes is also influenced by
structural features, such as steric effects or long-range interactions (e.g. electrostatic
interactions, hydrogen bonding).8 Possible unstructured domains and uncharacterized binding
sequences within the protein scaffold could also have an influence.?” 828 Thus, for instance,
certain differences in uranium(V1) chelation behavior between caseins and whey proteins are
to be expected because the former have a random coil conformation whereas the latter possess

mainly o-helices and B-sheets.®
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Complex formation with uranium(V1) characterized by TRLFS

Figure 7 shows the luminescence spectra of uranium(VI) in the presence of -casein at a
uranyl concentration of 10° M which is environmentally more representative than the
concentrations of our pH potentiometric experiments. The B-casein concentration was
3.15-10° M in the first test series (Figure 7 a) which corresponds to a uranyl / protein-function
ratio of uranyl/carboxyl/phosphoryl = 1:75.1:15.6 (each B-casein molecule provides 24
carboxyl and 5 phosphoryl functionalities); the pH was varied between 2 and 7. For
comparison, the spectrum of pure UO2%* at pH 1.91 is included. When adding the protein, a
strong red shift of the peak maxima of about 10 nm occurs at pH 2.14 already, coupled with a
strong increase of the luminescence intensity, indicating strong complex formation. In a
second test series (Figure 7 b), the protein was successively added at a constant pH of 4.6,
starting with a deficit of functional groups compared to UO2?* (uranyl/carboxyl/phosphoryl =
1:0.4:0.1 for 0.156 uM B-casein). The peak shift and the luminescence intensity rise are
developing slowly and the peaks are broadening under the condition of uranyl excess. At a
uranyl/phosphoryl ratio of approximately 1 : 1 (2.31 uM B-casein), the peaks become sharper,
the red shift reaches its maximum and the further luminescence intensity increase becomes
marginal. Because of the excess of carboxyl and the deficiency in phosphoryl groups prior to
this point of equivalence, one can assume that mainly the carboxyl groups coordinate the
uranyl ion below a phosphoryl/uranyl ratio of ~1:1, whereas phosphoryl coordination
becomes prevailing at higher phosphoryl/uranyl ratios.

To verify this assumption, the synthetic tetrapeptides VESL, VASL, VESFL and VASFL,
which represent the protein sequence 13-16 of the [-casein, were complexed with

uranium(V1) and investigated by TRLFS as a base for comparisons (Figure 8).
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Figure 7. Luminescence spectra of uranium(VI) and B-casein at a uranyl concentration of 1.0-10° M
(T=25°C, 1=0.1 M NaClOy) at 3.13-fold ligand excess in dependence on pH (a) and at pH 4.6 in
dependence on ligand concentration (b).
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Figure 8. Luminescence spectra of uranium(V1) in dependence of pH at a uranyl concentration of
1.0:-10° M (T =25°C, 1 =0.1 M NaClOy) and VESL at 15.6-fold ligand excess (a), VASL at 15.6-fold
ligand excess (b), VESPL at 12.0-fold ligand excess (c) and VASPL at 15.6-fold ligand excess (d).
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The luminescence spectra of the peptides without phosphoryl groups, i.e., those of VESL and
VASL, show nearly no peak shift at constant peptide concentration and varying pH until a pH
value of approximately 4.5. In the case of VASL, raising the pH results in a slight broadening
of the peaks; above pH 4.5 an increase in luminescence intensity is observed (Figure 8 a, b).
The shapes of the spectra indicate an influence of uranyl hydroxo species and resemble that of
uranyl in water at a similar pH,® suggesting that nearly no complexation of uranyl with the
peptide occurs. VESL shows no increase in luminescence intensity above pH 4.5, and the
shapes of the spectra are slightly different from those of VASL (and, consequently, from
those of pure UO2?"), indicating a moderate complexation of uranyl with the carboxylic
groups. The different behavior of VASL and VESL is due to the fact that VESL provides
twice the number of carboxyl groups than VASL (due to the B-carboxyl group of Glu).

In contrast, VESPL and VASPL (Figure 8c, d) cause a significant increase of the
luminescence intensity and a red shift of the peak maxima of about 10 nm, compared to pure
UO2?*. This clearly demonstrates that the complex formation of uranyl with the
phosphorylated tetrapeptides is much stronger than uranyl complexation with the tetrapeptides
having no phosphoryl groups.

The development of the luminescence spectra of the uranyl B-casein system at relatively high
B-casein concentration (see Figure 7) is very similar to that of uranyl with VESPL and VASPL,
the phosphorylated tetrapeptides. However, the uranyl B-casein spectra at pH 4.5 and low
protein concentration (up to a phosphoryl/uranyl ratio of ~1 : 1) are more comparable to those
of uranyl with VESL at pH >4.5. This supports our assumption that the uranyl binding mainly
occurs via carboxylic groups at a deficit of phosphoryl groups and at an excess of carboxyl
groups, but that the affinity to phosphoryl groups is stronger at higher phosphoryl ratios than
that to carboxyl no matter how high the carboxyl ratio is. A similar binding behavior could be
shown recently for the interaction of uranium(VI) with the bacterial biomacromolecule

lipopolysaccharide.®
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The luminescence lifetimes were determined from time-resolved spectra. For uranyl plus
VASL mono-exponential luminescence decay was observed until pH 4 with a luminescence
lifetime of 1.2-1.4 pus which can be assigned to the aqueous UO2%* species. At pH > 4.5 the
decay became bi-exponential with luminescence lifetimes in the range between 4 and 12 ps.
They can be assigned to uranyl hydroxo species (UO2(OH)2: 3.2 ps, (UO2)2(OH)2%*: 9.5 s,
(UO2)3(OH)s™: 6.6 ps).® For VESL again either mono- or bi-exponential luminescence decay
was observed. At pH up to ~4 a lifetime of about 1.4 ps can again be assigned to the aqueous
UO,?* species. A second very long lifetime between pH 3 and 4 (25-40 ps) might be caused
by the first uranyl hydroxo species UO,OH* (literature value: 32.8 ps®®). At pH >4 the first
lifetime is slightly shortened up to ~0.6 us, the second one varies between 7 and 42 ps. This
different development of lifetimes for VASL and VESL supports our assumption derived
from the luminescence spectra that a moderate complex formation between uranyl and the
tetrapeptide only occurs for VESL, but not for VASL.

The uranyl complexes of VESFL and VASFL show mono-exponential luminescence decay,
representing probably only one dominating species. The luminescence lifetime of this
dominating species is 0.6-1.0 ps, i.e., it is shorter than that of UO2%* (1.4 ps).

The luminescence decay of uranyl plus casein was always bi-exponential, resulting in a
shorter lifetime of 0.6-0.9 us and a longer one ranging from 4 to 24 ps. However, an
assignment of the lifetimes to distinct species is not possible. Equilibria between several
uranyl species are to be expected in a uranium(V1) solution containing the highly complex
protein which means that the lifetimes derived should be considered as average values. Based
on a comparison with the results of the experiments with uranyl plus tetrapeptides, the shorter
lifetime might be assigned to phosphoryl complexation, whereas the longer one might belong
either to uranyl complexed with carboxyl groups or to further phosphoryl or mixed species.
The formation of pure uranyl hydroxo species (without protein coordination) can be ruled out

because of the shape of the spectra which clearly points to a dominance of phosphoryl
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coordination. These results support and supplement the conclusions drawn from the
luminescence spectra.

The TRLFS results show that, beside the dominating phosphoryl coordination, also
carboxylate coordination occurs, even though to a minor extent. This is in accordance with the
results of the potentiometric titration experiments.

Figure 9 once more demonstrates that, like the adsorption experiments, also our TRLFS
experiments reveal the crucial role of the ligands’ phosphoryl groups for uranyl binding. In
this figure spectra of uranium(VI) in diluted milk and with B-casein, VESL or VESPL taken at
pH 4.6 are combined and compared with the spectrum of UO2?* (strongly acidic solution).
The luminescence intensity was normalized in Figure 9 to facilitate a direct comparison of the
spectra with each other. One can see that the uranyl complexes formed in diluted milk, -
casein solution and VESPL solution (orange-red curves) cause a red shift of the peaks of about
10 nm compared to the pure UO2%* which is typical for uranyl phosphoryl complexes.®” 8 The
spectrum of the uranyl complex with the phosphoryl-free tetrapeptide VESL (blue curve), on
the other hand, shows the same peak positions as that of UO,?* (black curve) and does not
exhibit any peak shift at pH 4.6. This illustrates impressively that the binding of uranium(VI)

in milk occurs mainly via the phosphoryl groups of the caseins.
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Figure 9. Luminescence spectra of pure UO,?*, and of uranyl in diluted milk, B-casein, VESL and
VESPL solutions at pH 4.6 and a uranyl concentration of 1.0-10° M (T =25 °C, I = 0.1 M NaClO,).
Luminescence intensity is normalized relating to the highest (~510 — 520 nm) peak.

Conclusions

The goal of this study was to contribute to the understanding of uranium(VI) binding to milk
proteins, especially the role of the different types of milk proteins and their individual
functional groups such as carboxyl and phosphoryl moieties. The combination of different
complementary experimental approaches and the unique access to very low uranium(VI)
concentrations by means of TRLFS provided an internally consistent description of the
system. Considering the different chemical components of milk and their specific interactions
with uranium(VI) using a broad range of physico-chemical methods allows conclusions
regarding uranyl binding by milk over a relatively wide pH and uranium(VI) concentration
range with implications in terms of environment, food, and medicine.

The experiments show a pronounced interaction of uranium(VI) with the studied milk
proteins. The equilibrium data of the adsorption process agree well with the Langmuir model.
From the Langmuir parameters obtained it can be concluded that the carboxylate groups
determine the adsorption capacity, Qmax, While the adsorption affinity (as represented by K)

is mainly controlled by the phosphoserine residues present (or absent) in the proteins. Thus,
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the adsorption capacity of the whey proteins is two- to threefold higher than that of the
caseins. On the other hand, the Langmuir constants K. of casein are fivefold higher in H.O
and even 100-fold higher in SMUF than those of the whey proteins. Moreover, in the case of
whey protein, the Langmuir parameters Qmax and K. are smaller in SMUF than in H20
whereas for casein these parameters are comparable for both solutions (c.f. Table 2). SMUF
contains free phosphate ions which compete for the formation of stable uranyl complexes with
the whey protein molecules that do not possess phosphoryl groups. For the caseins the
situation is different since casein itself carries phosphoryl groups. The results for casein
suggest a stronger binding of uranyl by protein bound phosphoryl groups in comparison with
the free phosphate ions of SMUF, i.e., dissolved phosphate hinders the adsorption of
uranium(VI1) onto milk proteins without phosphoryl groups but not onto phosphoryl-
containing milk proteins. For the latter, even high carbonate concentrations (also in the
presence of calcium) have only limited influence on the adsorption process as shown by the
experiment with casein and the uranium-rich natural spring water.

The stability of uranyl complexes with phosphoryl-containing, phosphoryl-free and artificially
dephosphorylated milk proteins and selected synthetic peptides could be quantified by
respective thermodynamic parameters determined by potentiometric titration. The importance
of phosphoryl groups for uranium(V1) binding is clearly indicated by the results of the
potentiometric titration and supported by TRLFS experiments. It is reflected in the
uranium(V1) complex stability constants (Tables 5 to 7) and the resulting uranyl speciation
(Figures 5 and 6). In the presence of phosphoryl-containing proteins (i.e., the caseins) there
are, even at very low pH, virtually no free UO2?" ions in solution and no ternary uranyl-
hydroxo-protein species are detectable (Figures 5 b, 6 a, b). In contrast, free UO22" ions in the
acidic region and ternary uranyl hydroxo species in the weakly alkaline region are observed

(Figure 6 c) in the case of both dephosphorylated casein and non-phosphorylated peptides.
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Finally, the TRLFS experiments illustrate very clearly that it is the phosphoryl group of the
milk proteins which preferentially binds the uranyl ion (c.f. Figure 9).

Our findings may open up interesting perspectives for potential practical applications. Both
caseins and whey proteins could, for example, be efficient materials for use in water
purification. Because of their high affinity for uranium(V1), higher degrees of purification
could be achievable with caseins or casein-based adsorbents than with whey proteins. On the
other hand, higher sorption capacities and easier regeneration of the loaded sorbent might be
possible with whey proteins. Thus, highly efficient single-use sorbents based on caseins and
multiple-use sorbents based on whey proteins are conceivable. Furthermore, caseins with their
high affinity for uranium(VI) would also be interesting for potential medical purposes, i.e., for
the development of uranium(V1) decorporation procedures having only small medical side

effects.

Materials and Methods

Materials
All reagents and solvents were obtained commercially and used without further purification
except as noted otherwise. Deionized water was boiled to remove carbon dioxide and stored

under argon or nitrogen if necessary.

Preparation of proteins and peptides

Separation of “acid casein” and “whey protein”. The proteins were obtained from untreated
(non-commercial) fresh cow milk since commercial milk which had been treated by heating
may have altered its properties (precipitation of calcium phosphate, denaturation of the whey
proteins, interaction of the denaturated whey proteins with caseins, dephosphorylation®: ).
So-called “acid casein” was obtained by the separation of the casein from the skim milk with

the help of precipitation at pH 4.5 as described by Siegl.®* To this end, the milk was creamed
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by centrifuging at 2,200 g and 4 °C for 10 minutes. After removing the cream, the obtained
skim milk was acidified with a 1 M acetate buffer to adjust a pH of 4.5 which precipitates the
casein. The suspension was filtered to remove the liquid (the whey). The separated casein was
resuspended in water and the pH of the suspension was adjusted to 7 (NaOH) to redissolve the
casein. Then the solution was centrifuged again as described above to remove residual traces
of cream. In a similar way, the casein was precipitated, filtered and separated by
centrifugation once again. Then the obtained “acid casein” was rinsed with acetone, deep-
frozen and freeze-dried. The dried casein was stored at -20 °C. The separated whey, on the
other hand, was concentrated using tangential flow filtration and the whey protein after
freeze-drying also stored at -20 °C.

Separation of individual casein (B-casein). Casein in the form of “acid casein” was obtained
from fresh milk as described above. The separation of the individual caseins from this casein
mixture was accomplished by ion exchange chromatography, as reported by Schwarzenbolz®?
and Menéndez.*® The purity of the B-casein obtained was >90% as verified by HPLC,
determination of nitrogen according to Kjeldahl and gel electrophoresis (SDS-PAGE).”* The
molecular weights of selected caseins and the amino acid composition of B-casein are listed in
Tables S1 and S2 (Supporting Information).

Dephosphorylation of casein. A portion of the “acid casein” separated from the milk was
dephosphorylated with Ba(OH). in alkaline medium using the method developed by
Sundararajan.®* We could remove a fraction of 77% of the phosphoryl groups from the casein
within 24 h. The phosphorous concentrations were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS, ELAN 9000, Perkin-Elmer, USA)."

Synthesis of tetrapeptides. The unphosphorylated peptides VESL, VASL, GESL and VEAL
were synthesized by Fmoc solid-phase peptide synthesis (SPPS) techniques from preloaded
Fmoc-L-leucine Wang resin (1.1 mmol g?) in a reaction vessel fitted with a sinter frit.”> *°

After each coupling step the Fmoc-protecting group was removed and the deprotection
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solution was collected and used to estimate the loading by UV/Vis spectrometry at 301 nm (e
= 7,800 M L1). The phosphorylation of VESL, VASL and GESL, resulting in VESPL,
VASPL and GESPL, was carried out with dibenzyl N,N-diisopropylphosphoramidite and the
activator 4,5-dicyanoimidazole. Both reagents were prepared according to literature
procedures.®: % For the phosphorylation, the resin was dried in vacuo overnight. A mixture of
1.21 g (35 mmol) dibenzyl N,N-diisopropylphosphoramidite and 1.00 g (8.25 mmol) 4,5-
dicyanoimidazole in 15 ml dry DMF was added to the dried resin. The reaction vessel was
shaken for 8 h under argon, then the solution was drained, the resin washed three times with
DMF (10 ml each) and four times with CH2Cl> (10 ml each) and dried again in vacuo. The dry
resin was covered with 15 ml dry DMF and 3 ml tBuOOH (5.5 M in decane, 16.5 mmol) were
added. The reaction vessel was shaken again under argon overnight, then drained and washed
again with DMF and CH.Cl; as described above and dried in vacuo again.®®

Cleavage of the unphosphorylated and phosphorylated peptides from resin was performed by
stirring with a mixture of trifluoroacetic acid (TFA) : triisopropylsilane (TIS) : water
95:2.5:2.5 (v:v:v) for several hours. The mixture containing the liberated peptide was
concentrated in vacuo and the crude product was triturated with cold ether giving the proteins
as white or beige solids.®® The purity of the peptides, monitored with analytical HPLC (high
performance liquid chromatography), was between 92 and 100% for the unphosphorylated
and between 87 and 97% for the phosphorylated peptides (see Table S8, Supporting
Information). The peptides were characterized by *H- and **C-NMR and ESI-MS (see Table

S8, Supporting Information).

Adsorption experiments
In a screening experiment skim milk was produced by centrifugation of commercial
(pasteurized and homogenized) milk for 0.5h at 5,000 g and removing the fat fraction.

Aliquots of the skim milk were adjusted at room temperature to a) pH 6.7 (the original pH of
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milk) and to b) pH 4.6 (the isoelectric point of casein where casein precipitates). Uranium(V1)
concentrations of 107, 105, and 10° M were adjusted in samples of skim milk aliquots by
dissolving UO2(NOs3),-6H,0. According to thermodynamic calculations’ and to experimental
data in the literature®® the solubility limit of uranium(VI) is not exceeded for these
concentrations at pH 4.6 (for pH 6.7 it is at least not exceeded for uranium(V1) concentrations
of 107 M and 10 M). After a reaction time of 20 h (kinetic experiments had shown that the
reaction of whey protein with uranium(VI) was finished within a time period of <8 h and that
the reaction of casein with uranium(V1) took only about 2 h),”* the skim milk was divided into
3 fractions by ultracentrifugation for 1 h at 285,000 g and ultrafiltration of an aliquot of the
supernatant through a 10-kD filter. The fractions are:

a) The centrifugation pellet (mostly casein),

b) The centrifugation supernatant (whey), and

c) The 10-kD ultra filtrate (non-protein constituents such as electrolytes and lactose).

The uranium concentrations in these fractions were analyzed by ICP-MS.

After this screening experiment the adsorption isotherm of uranium(VI) onto the unseparated
milk protein fraction at pH 4.6 was determined by adjusting uranium(V1) concentrations, Co,
between 5.0-10% M and 5.0:10° M in diluted skim milk samples. These experiments were
done on commercial (pasteurized and homogenized) milk again. The samples were allowed to
equilibrate for 3 d. The differentiation between uranium(V1) adsorbed to the milk proteins and
free uranium(VI) was performed by 10-kD ultrafiltration and ICP-MS analysis for uranium in
the ultra-filtrate. The uranium concentration in the ultra-filtrate is regarded as the equilibrium
concentration of free uranium, ceq, at a given point of the adsorption isotherm. The
uranium(V1) adsorbed to the milk proteins at this point, Q, is calculated from the uranium
concentrations measured before and after ultrafiltration and the adjusted protein
concentrations according to:

Q= (CO - Ceq) V/IW (6)
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where ¢o (mol L) is the uranium(V1) concentration adjusted, V (L) is the volume of the
solution and W (g) represents the weight of the milk proteins.

In a next step the adsorption isotherms of casein and whey protein separated from untreated
(non-commercial) fresh milk were determined separately. To test the influence of the solution
environment on the adsorption of uranium(V1) by milk proteins, the experiments were done in
both water and simulated milk ultra-filtrate (SMUF) solution. SMUF is used in dairy
technology to simulate the electrolyte background of milk. A solution of SMUF was prepared
as described® with the pH adjusted to 4.6. The composition is listed in Table S3 (Supporting
Information). Uranium(V1) solutions were made from UO2(NOs3),-6H20 with concentrations
between 1.0-107 M and 1.0-10° M and at a pH value of 4.6. “Acid casein” or lyophilized
whey proteins were suspended in water or in SMUF solution and added to the uranium(V1)
solutions leading to concentrations of 14.2 mg L casein or 3.2 mg L whey protein. The
differentiation between uranium(V1) adsorbed to the milk proteins and free uranium(V1) was
performed by phase separation using 10-kD ultrafilters and ICP-MS analysis for uranium in
the ultra-filtrate and the fraction of adsorbed uranium(VI) was calculated from the
uranium(V1) concentration in the ultra-filtrate according to equation (6) again.

In a final experiment the adsorption power of casein for uranium from uranium-rich natural
spring water (Heinrichsquelle Nirtingen near Stuttgart, Germany)’ was tested. This water (the
spring has been closed meanwhile) contains 371 pg L™ uranium and possesses mineral
contents which are unfavorable for uranium adsorption onto casein (carbonate concentration
3.02 gL?, Ca concentration 53.35 mgL?, pH 8.3). Tables S4 and S5 (Supporting
Information) give our own analyses of the natural spring water. An amount of 1.35 g casein,
which corresponds to the casein content of 50 mL milk, was added to a water sample of 50
mL and allowed to react with the uranium at the original pH of the water of 8.3 and after
acidification to pH 4.6. The fraction of uranium bound to the casein after reaction was

determined by 10-kDa-ultrafiltration and ICP-MS.
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Potentiometric titrations

The deprotonation constants of the peptides and proteins as well as the stability constants of
the uranyl peptide and uranyl protein complexes were determined at 25 °C in a glove box in
N2 atmosphere (prevention of pH shifts by carbonic acid, prevention of uranyl carbonato
complex formation) in a similar way as described in former studies.'* Ligand titrations in the
absence of uranium(VI) were carried out in the pH range between 2 and 12. The ligand
concentration was 3.0 10 M for the peptides and 3.0 10“ M for the proteins (the molecular
weight was taken as 24 kDa for B-casein, 22.4 kDa for “acid casein”, or 21.9 kDa for
dephosphorylated “acid casein; see Table S1, Supporting Information) because the number
of functional groups per mass unit is higher in the latter case. Complex stability constants
were determined by complexation titrations, i.e., by potentiometric titrations of the organic
compounds in the presence of 1.0 mM UO2(NOs). between pH 2 and 8 to prevent
precipitation of uranyl hydroxide species at higher pH values. All titrations were done at least
twice up to fivefold with 4.5 mL sample volume each at an ionic strength of 0.1 M (NaClO4)
and a HNOs concentration of 0.015 M in the initial solutions. Monotonic equivalence point
titration was performed automatically in a thermostatic vessel (25.0 £ 0.1 °C) with a 736 GP
Titrino device from Metrohm (Herisau, Switzerland) using 0.2 M KOH (carbonate free). The
titrating solution was added in constant increments of 0.010 mL each and pH values were
measured using a BlueLine glass electrode (Schott) with a minimum drift of 2 mV mint and a
delay time of 120 s after every titration step.

The calculation of the proton binding constants and the complex stability constants from the
titration curves was carried out based on Eqn. (2) and (3) or (4) and (5), respectively, with the
HYPERQUAD 2003 software.”® The uranyl hydrolysis constants taken from the respective
NEA TDB volume (Table S7, Supporting Information)® were included as fixed values. The

speciation diagrams were generated either with the code EQ3/67° or HySS2006.%°
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Time-resolved laser-induced fluorescence spectroscopy (TRLFS)

The samples were prepared at room temperature in a glove box under inert gas conditions
(nitrogen). Two series of measurements were carried out. In the first one the ligand
concentration was kept constant (3.13:10° M for B-casein (24 kDa), 1.56:10* M for the
tetrapeptides VESL, VASL, VESPL and VASPL) whereas the pH varied between 2 and 7. A
constant pH of 4.6 was adjusted in the second series of measurement for $-casein, whereas the
protein concentration was varied between 1.56:107 and 3.13-10°M. In all cases the
uranium(VI) concentration was 1.0-10° M and the ionic strength was 0.1 M (NaClO4). The
luminescence spectra were taken in both the static and the time-resolved modes (excitation
wavelength: 266 nm) using a pulsed Nd:YAG laser system (Continuum Minilite Electro-
Optics, Inc. Santa Clara, USA) with a delay generator (Delay Generator 8650, EG&G
Princeton Instruments New Jersey, USA) and detected using a iHR 550 spectrometer (Horiba
Jobin Yvon, Germany), controlled by the accompanying software LabSpec5 (Horiba Jobin
Yvon, Germany). In the time-resolved mode the delay times were 200 ns (100 ns in the case
of VASL and VASFL) and 4000 ns, respectively. Spectra within the wavelength range of 371
to 675 nm were recorded. To improve the signal-to-noise ratio, 100 or 200 spectra were

accumulated for each sample and an average spectrum calculated.
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Synopsis

Bovine milk proteins (caseins and whey proteins) are able to catch high amounts of uranium
from water. Particularly the phosphoryl groups of the caseins have a very high binding
affinity towards uranium, whereas the high amount of carboxyl groups, especially in whey
proteins, is responsible for a high sorption capacity. Both caseins and whey could be cheap

and efficient materials for water purification.
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Tables

Table S1. Composition of bovine casein and amount of phosphoserine (P-Ser) per

molecule.**
) % of whole .
Protein - MW [kDa]  Number of P-Ser residues
casein
as1-casein 38 23.6 8
as2-casein 10 23.2 11
[-casein 40 24 5
K-casein 12 19 1
“acid casein”® ~22.4 ~6
dephos. casein® ~21.9 ~1
Table S2. Amino acid composition of B-casein.t
Amino acid residue  Number Amino acid residue  Number
Ala (A) 5 Lys (K) 11
Arg (R) 4 Met (M) 6
Asn (N) 5 Phe (F)
Asp (D) 4 Pro (P) 35
Gln (Q) 20 Ser (S) 11
Glu (E) 19 P-Ser (S7) 5
Gly (G) Thr (T)
His (H) Trp (W)
le (1) 10 Tyr (Y)
Leu (L) 22 Val (V) 19
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Table S3. Composition of simulated milk ultrafiltrate (SMUF) solution.®

Ingredient Weight Composition [mg (100 mL)™]
[oLY] Na K Ca Mg P Cl citrate SOs COs

KH2PO4 1.58 454 36.0
Kscitrate-H.O 1.20 43.4 70.0
Nascitrate-5H.0O 2.12 42.0 115.1
K2SO4 0.18 8.0 9.9
CaCl2:2H:0 1.32 35.9 63.8
MgCl2-6H.0 0.65 7.8 22.7
K2CO3 0.30 17.0 9.5
KCI 0.60 314 28.5
KOH to pH 6.6 2.25 m-eq 8.8
Total mg (100 mL)* 420 1540 359 7.8 36.0 1150 1851 9.9 95

mM L* 183 394 90 32 116 324 96 10 22
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Table S4. Content of selected elements in the natural spring water Heinrichsquelle Ndrtingen
(analyses made by the authors).?

Component  Concentration [ug L]

B 1,330.0
Na 22,900,000.0
Mg 41,300.0
Al 2.7
Si 7,365.0
P 76.5
K 36,500.0
Ca 53,350.0
Mn 10.9
Co 0.3
Ni 6.2
Cu 25.9
Zn 34.2
Se <l
Sr 964.0
Mo 1.9
Cs 0.5
Ba 7.9
U 371.0
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Table S5. Content of selected anions and total organic carbon (TOC) in the natural spring
water Heinrichsquelle Niirtingen (analyses made by the authors).®

Component  Concentration [mg L]

F 0.5
cr 420.0
NO2 <0.2
NO3z 16.1
PO4* <0.5
SO4* 3065.0
COs* 3020.0
TOC 1.5

Table S6. Stepwise deprotonation constants of the amino acids L-glutamic acid (Glu), L-
serine (Ser) and L-phosphoserine (P-Ser) determined by potentiometric titration at T = 25 °C
and I =0.1 M (NaClOg). Errors of the last significant decimal place (o) are given in
parentheses.®

pKa
-OPOsH, a-COOH y-COOH -OPOsH"  a-NH3"
Glu 238(1)  4.23(1) 9.49(1)
Ser 208(1)  8.72° 9.06(1)
P-Ser 119(3) 1.94(1) 9.93 572(2)  7.86(1)
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Table S7. Thermodynamic stability constants for aqueous uranyl complexes that are used for

stability constant calculation and speciation modelling.®

Uranyl complex logRi=om, T=2scc  Uncertainty ()
UO,0H* -5.250 0.240
UO2(OH)2(q) -12.150 0.070
(UO2)(OH)** -5.620 0.040
UO2(OH)s" -20.250 0.420
UO2(OH)+* -32.400 0.680
(UO2).0H%* -2.700 1.000
(UO2)3(OH)4* 11.900 0.300
(UO2)3(OH)s* -15.550 0.120
(UO2)3(OH)7 -32.200 0.800
(UO2)4(OH)7* -21.900 1.000
UO2(CO3)* 16.610 0.090
UO2(CO3)s* 21.840 0.040
(UO2).CO3(0OH)3" -0.858 0.851
(UO2)3(CO3)s* 54.000 1.000
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Table S8. Characterization of the synthesized tetrapeptides.

Peptide Purity®d H NMRDPI BCNMRIE mst
8 [ppm] 6 [ppm] [m/z]
VESL 1000 s~z o o™ o 17.9,18.9,  893.6
N N\?Lﬁ’s(rrN\?LOH 219,234,  ([2M+H]",
O 7'13 0 10%12 25.9, 28.4, 100 %),
HO” Y0 31.0, 31.6, 447.3
0.94 (dd, J = 15.41, 6.50 Hz, 6H, 12-H), 1.05 522,541,  ([M+H]",
(dd, J = 15.18, 6.90 Hz, 6H, 6-H), 1.60-1.68 (m, 56.7,59.6,  25%
2H, 10-H), 1.68-1.79 (m, 1H, 11-H), 1.92-2.03  63.1, 66.9,
(m, 1H, 5-H), 2.10-2.26 (m,2H, 7-H), 2.39-2.50  169.7, 172.1,
(m, 2H, 8-H), 3.71 (d, J = 5.62 Hz, 1H, 1-H),  173.0, 175.9,
3.79 (dd, J = 5.63, 1.27 Hz, 2H, 9-H), 4.42-4.55 176.5
(m, 3H, 2-H, 3-H, 4-H)
VASL 983 6 OH 18.3,18.9, 389
s n 98 4 O .
e N\z)LH&N\uL on 19.7, 22.7, ([M+H]
o ° o 9=\|<011 242,268,  100%),
322,425, 177
0.94 (dd, J = 15.67, 6.47 Hz, 6H, 11-H), 1.06 51.7, 53.0, ([2M+H]*
(dd, J =16.13,6.92 Hz, 6H, 6-H), 1.41 (d, J = 57.6, 60.7, 63.8%),
7.14 Hz, 3H, 7-H), 1.61-1.68 (m, 2H, 9-H), 62.5,170.7, 799
1.68-1.77 (m, 1H, 10-H), 2.21-2.27 (qd, J = 173.0,175.8, ([2M+Na]"*
13.73,6.88 Hz 1H, 5-H), 3.69 (d, J =5.76 Hz, 1770 9.4%)
1H, 1-H), 3.79 (d, J = 5.48 Hz, 2H, 8-H), 4.42-
4.50 (m, 3H, 2-H, 3-H, 4-H)
GESL 919 Lo ™ 219,233, 405
HaN" 4 N\z)LH 3 N\E)LOH 26.0, 28.5, (IM+H]*
0 5'15 BNy 10 310,415,  100%),
Ho™0 41.7,52.2, 809
0.95 (dd, J = 12.84, 6.40 Hz, 6H, 10-H), 1.62-  54.1,56.6,  ([2M+H]*
1.68 (m, 2H, 8-H), 1.68-1.80 (m, 1H, 9-H), 63.1,167.5,  51%)
1.90-2.02 (m, 1H, 5-Ha), 2.09-2.21 (m, 1H,5-  172.1,173.3,
Hb), 2.43 (t,J = 7.6 Hz, 2H, 6-H), 3.73 (s, 2H,  175.9, 176.4

1-H), 3.77-3.81 (m, 2H, 7-H), 4.42-4.55 (m, 3H,
2-H, 3-H, 4-H)
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VEAL 1000 e . 17.8,180, 431
Hz,;grﬂ\f)LNaker\:yL . 189,218,  (IM+HI",
0 7, 0 i 234,259,  100%),
HOIO T 28.4,31.0, 861
094 (dd, ) =18.29, 652 Hz, 6H, 12-H), 1.04  S-6417 (I2M+HT,
(dd, J = 14.29, 6.89 Hz, 6H, 6-H), 1.36 (d, J=  °0-2:520,  51%)
7.11 Hz, 3H, 9-H), 1.61-1.66 (M, 2H, 10-H), 53.9, 59.6,
173 (tt, 1= 13.24, 6.61 Hz, 1H, 11-H), 1.91- 16951725,
2.01 (M, 1H, 5-H), 2.07-2.2 (m, 2H, 7-H), 2.40- 1747, 1758,
2.46 (m, 2H, 8-H), 3.70 (d, J =5.72 Hz, 1H, 1- 176
H), 4.35-4.49 (m, 3H, 2-H, 3-H, 4-H)
VESPL 942 oH 19.6,20.6,  561.3
O=P-OH
6 0 o¢® o 23.6, 25.2, (IM-H+2NH.]*,
Hz,;ﬁrﬂ\f)LN&TH\?L o 27.3,29.3,  100%),
O 7% BH o 10=\|112 32.8, 33.8, 544.2
Hoj% 431,466,  ([M+NHd]",
0.94 (dd, J = 16.91, 6.51 Hz, 6H, 12-H), 1.os ~ 26-1.57.2,  92%),
(dd, J = 15.97, 6.89 Hz, 6H, 6-H), 1.61-1.67 (m, 013667, 527.2
2H, 10-H), 1.70-L.78 (m, 1H, 11-H), 1.96-2.07  172-2.173.1, (IM+HT’,
(M, 1H, 5-H), 2.16-2.29 (m, 2H, 7-H), 2.40-2,51 17-7,180.9, 23%)
(M, 2H, 8-H), 3.72 (d, ] = 5.54 Hz, 1H, 1-H), 1886
4.11-4.26 (m, 2H, 9-H), 4.39-4.51 (m, 3H, 2-H,
3-H, 4-H)
VASPL 87.0 OH 16,5, 182, 5613
6 oy ] 19.0,220,  (IM-H+2NHJJ",
HZI\XTH\:Z)L . N, 234,258,  100%),
o ;& " o5 11 31.4,51.4,  544.2
- o 56.8,60.0,  ([M+NHd]",
0.95 (dd, J = 11.56, 6.68 Hz, 6H, 11-H), 107 sos 1506 gonp),
(dd, J = 1645, 6.56 Hz, 6H,6-H), 143 (,J= 1717 1741 527
7.15 Hz, 3H, 7-H), 1.59-1.67 (m, 2H, 9-H), (VeHT"
1.68-1.77 (m, 1H, 10-H), 2.14-2.33 (qd, J = 23%)

13.29, 6.42 Hz 1H, 5-H), 3.66-3.76 (m, 1H, 1-
H), 4.15-4.29 (m, 2H, 8-H), 4.41-4.54 (m, 2H,
2-H, 4-H), 4.56-4.72 (m, 1H, 3-H)
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GESPL 973 oA 20.8,22.4,  561.3
0=P-OH .
! 245,273,  ([M-H+2NH.]*,

BEED 40.4,40.6,  100%)
HzN’}\n’N\;)LN 3 N\:‘)LOH ThT o
0 s, © Bgﬁ/“’ 53.6,54.0,  544.2

9 +

Holo 544,638,  (IM+NH]"

89.2,93.9,  92%),

109.8,161.9 527.2
(IM+HT",
23%)

0.94 (ddd, J = 19.30, 6.46, 4.63 Hz, 6H, 10-H),
1.58-1.68 (M, 2H, 8-H), 1.68-1.77 (m, 1H, 9-H),
1.91-2.04 (m, 1H, 5-Ha), 2.10-2.30 (m, 1H, 5-
Hb), 2.39-2.50 (m, 2H, 6-H), 3.71 (s, 2H, 1-H),
4.14-4.29 (m, 2H, 7-H), 4.41-4.54 (m, 2H, 2-H,
4-H), 4.62-4.70 (m, 1H, 3-H)

[a] analytical HPLC; [b] 500 MHz, CD;0D;, [c] 75 MHz, CDs0D; [d] ESI, +10 V
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Figure S6. Speciation and respective species of the dephosphorylated tetrapeptides VESL (a),
VASL (b), GESL (c) and VEAL (d) in dependence on pH at a peptide concentration of
3-10°M (1=0.1 M).
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Figure S9. Speciation and respective species of the proteins “acid casein” (a) and B-casein (b)
in dependence on pH at a protein concentration of 3-10% M (1 = 0.1 M).
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speciation of uranium(VI1) (bottom) with VE (a) and VS (b) in dependence on pH at a uranyl
concentration of 1.5-10° M and ligand concentration of 3.0-10° M (1 = 0.1 M).

69

% Uranium(VI)

% formation relative to U



pH

pH

110401 135 154 180

-g?: - -V‘TI R -]l»— . ,_......,‘_,,-I'i]

point number

100907 135 145 115

0,2
0.1+
S .\IIHll‘LL.. R b
_8:[1)_ e ""—-"H'WIH||IIII‘1F" ! g "IH|\ b
-0 2- T T T
50 150 250
point number
110412 114 123 141
il _ah
L s B _a I'__
0,0 "‘1'———— vy vt
-0,14

50 150 250 350
point number

% formation relative to U % formation relative to U

% formation relative to U

pH

pH

pH

110413 124 133

X A _
Obs-calc pH for selected data. rms=0,0488

g:;i —_— |'j|||‘|l"| ¥ .. = "‘|I ihl‘” W_‘\IH
W' '
5'0 1 ll)(} 1 éO 2(I)0 ZéO

point number

110413 124 133

2 X _
) Obs-calc pH for sele1 ed data. rms=0,0488
0,14
’ j|||‘|l. alln |' ihl il
0.0- — - — il
011 v v
50 100 150 200 250
point number
110413 101 112
8
64
4.
24 ) e
Obs-calc pH for selecled data. rms=0,0119
0,24
0,04 . 'I‘ll‘” ”||IHI""II"||““'- . — ,Illl”l‘ll.lhﬂlu n
-0,24 . .

50 100 150
point number

200

Figure S12. Potentiometric titration curves together with fits and residuals of uranium(V1)
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Figure S13. Speciation of uranium(V1) with VASL (a), VASFL (b), GESL (c), GESPL (d) and
VEAL (e) in dependence on pH at a uranyl concentration of 1.5-10° M and ligand
concentration of 3.0-10° M (1 = 0.1 M).
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Figure S14. Potentiometric titration curves together with fits and residuals of uranium(VI)
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NaClOy).
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