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Abstract: Determining the affinity of proteins for uranyl
is key to understand the toxicity of this cation and to
further develop decorporation strategies. However,
usual techniques to achieve that goal often require
specific equipment and expertise. Here, we propose a
simple, efficient, fluorescence-based method to assess
the affinity of proteins and peptides for uranyl, at
equilibrium and in buffered solution. We first designed
and characterized an original uranyl-binding fluorescent
probe. We then built a reference scale for uranyl affinity
in solution, relying on signal quenching of our fluores-
cent probe in presence of high-affinity uranyl-binding
peptides. We finally validated our approach by re-
evaluating the uranyl-binding affinity of four native
proteins. We envision that this tool will facilitate the
reliable and reproducible assessment of affinities of
peptides and proteins for uranyl.

Uranium is the heaviest naturally occurring element, with
an estimated abundance of 2–4 ppm in the Earth crust. It is
ubiquitous and predominantly present in the environment as
the dioxo cation uranyl (UO2

2+), which is radiologically and
chemically toxic. Human activities contribute to enrich
locally soils and waters in this element. Understanding its
interactions with biomolecules, especially proteins, is key to
unravel the mechanisms of its toxicity, and to develop
strategies for its decorporation. In this process, determining
the affinity of a given protein or ligand for uranyl (and its
selectivity towards other metal cations) is an important
milestone. Various techniques, including SPR, EC-ICP-MS,

CD and Trp fluorescence have been developed to determine
affinity constants of proteins.[1–4] However, these techniques
are not always suitable for smaller ligands such as peptides
or small molecules. In addition, they often require specific
equipment and expertise. Experimental conditions, such as
pH, buffer composition, ionic strength, etc. may also
influence these values. Altogether, this makes the compar-
ison of affinities measured using different experimental
conditions and techniques highly delicate.

Therefore, we undertook to develop a method to
measure affinities of peptides and proteins for uranyl, at
equilibrium and in biologically relevant conditions (aqueous
media, physiological pH, etc.). Ideally, such a method should
also rely on commonly available techniques and equipment,
in order to be easily implemented in chemistry and
biochemistry laboratories. Fluorescence spectroscopy was
thus the method of choice. Indeed, tryptophan (Trp)
fluorescence is already used to measure uranyl binding to
proteins. However, proteins do not always bear a Trp, and
the presence of multiple Trp or binding sites often
complicates model building and data interpretation. We thus
sought to design a fluorescent probe that would bind uranyl
in aqueous media at pH 7, with a conditional affinity for
uranyl similar to endogenous proteins (in the 107–1012

range), and which signal would not overlap with biological
fluorescence.

We showed in the past that short structured peptides can
be used as scaffolds to pre-orient metal-chelating groups and
obtain high affinity metal ligands, in aqueous buffer and at
physiological pH.[5–7] For instance, we reported a series of
lanthanide (Ln)-binding hexapeptides Pnn, incorporating
unnatural chelating amino acids Adan (Scheme 1). Two
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Scheme 1. Sequences of the hexapeptides tested as fluorescent probes
for uranyl coordination.
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metal-binding amino acids Adan were separated by a ProGly
sequence to induce a turn, driving the simultaneous coordi-
nation of both tridentate iminodiacetate binding groups to
Ln ions.[5–7] Like Ln ions, uranyl is a hard ion in the HSAB
theory, and favors hard ligands such as carboxylates.
However, its linear geometry induces a peculiar coordina-
tion, with 4–6 ligands arranged in the plan perpendicular to
the O� U� O axis. We therefore reasoned that Pnn peptides
would be good candidates for high affinity uranyl binding.
We chose to investigate uranyl coordination by the more
constrained scaffolds P11 and P22 in priority, since P33 tended
to form polymetallic species with lanthanides.

The conditional equilibrium constant for uranyl com-
plexation was measured using Trp fluorescence quenching
upon uranyl addition, following a method previously
validated in our team. As previously reported, experiments
were performed in presence of excess iminodiacetic acid
(IDA), acting as a stabilizing agent avoiding uranyl
hydrolysis within the 6 to 7 pH-range, but also as a

competitor for its binding to peptides or proteins.[11] A
typical titration is shown in Figure 1A for P22. Conditional
stability constants for the formation of the UO2P

nn com-
plexes are reported in Table 1 for three different pH values.
Formation of UO2P

nn complexes was confirmed by ESI-MS
at pH 6.9 in ammonium acetate buffer (Figure S1). Mass
spectra exhibited signals for uranyl complexes: [UO2

+P22� 4H]2� (m/z=577.2) and [UO2+P11� 4H]2� (m/z=

563.2), as well as small contributions of uranyl-free com-
pounds. Global constants β110 were calculated from condi-
tional constants and previously determined pKa values,

[5,6] to
compare coordination complex stabilities regardless of
ligand acidities, P11 being significantly less basic that P22.
The hexapeptide P22 appeared to be the most efficient
uranyl-binding agent, with an affinity for uranyl more than
one order of magnitude higher than EDTA.[12] This may be
explained by the rather flexible peptide scaffold, that helps
accommodating the coordination of the two iminodiacetate
groups in the equatorial plane of uranyl. Such a coordination
is also found in UO2(IDA)2 complexes[13] and represented in
Scheme 1.

Although indicative for simple mixtures, a probe based
on Trp quenching would not be suitable for biological
samples, since peptides and proteins may contain fluorescent
amino acids (like tryptophan, tyrosine or phenylalanine),
that could interfere with the probe signal and complicate
data analysis. The N-terminal Trp was thus replaced by a
non-natural fluorophore, naphthalimide (Naph), which ex-
citation is red-shifted (λexc=344 nm) with respect to natural
amino acids (λexc=280 nm). Since P22 showed the best
uranyl-binding properties, this scaffold was chosen for the
design of the fluorescent probe NaphP. NaphP was synthe-
sized by appending the Naph group at the N-terminus of the
hexapeptide Gly-Ada2-Pro-Gly-Ada2-Ala on solid support,
similarly to a previous report by Bonnet et al.[14]

Fluorescence quenching titrations (Figure 1B) demonstrated
that NaphP behaved similarly to P22 and had the same
affinity for uranyl logKpH 7=9.7 (Table 1). Most importantly,
Naph fluorescence was efficiently quenched by uranyl, with
no spectroscopic interference with natural fluorophores. We
particularly examined potential interferences with Trp, the
most abundant fluorescent amino acid, which is also
considered to be the main fluorescence source for excitation
at 280 nm and emission at 350 nm.[15,16] For instance, an
equimolar solution of the Naph and Trp based peptides
showed only the fluorescence of Naph when excited at
344 nm, whereas excitation at 280 nm resulted in emission of
both fluorophores (Figure S2 and S3). In summary, NaphP
exhibited a 109.7 affinity for UO2

2+ at physiological pH, i.e.
in the same range as naturally occurring uranyl-binding
proteins, and fluorescence properties orthogonal to those of
biological media. It was thus a candidate of choice to probe
uranyl binding to proteins in solution at equilibrium and
close to physiological conditions.

We reasoned that the uranyl-modulated fluorescence of
the probe NaphP could be used to build a reference scale
for the stability of uranyl complexes. To reach that goal, we
exploited a series of cylodecapeptides developed in our
group to mimic uranyl binding sites in proteins thanks to

Figure 1. Fluorescence titration following successive addition of UO2
2+

(0–4 equiv) to P22 and NaphP in 20 mM HEPES, 0.1 M NaCl buffer at
pH 7, in the presence of 10 equiv IDA with respect to probe
concentration. Insets: variation of the maximum fluorescence intensity
following UO2

2+ addition. Points represent experimental values and the
dotted line corresponds to the best fit obtained with the SPECFIT
software.[8–10] The constants of the fit are listed in Table 1. A) P22

(10 μM), λexc: 280 nm, λem: 350 nm; B) NaphP (4 μM), λexc: 344 nm, λem:
380 nm.

Table 1: Conditional equilibrium constants for the formation of UO2L
complexes at 25 °C and several pH (Buffer: 20 mM MES, 0.1 M KNO3

at pH 6 and 6.5; 20 mM HEPES, 0.1 M KNO3 at pH 7)[a] and global β110

constants calculated from the conditional constants and pKa values.

L logKpH 6 logKpH 6.5 logKpH 7 logβ110

P11 8.0(1) 8.5(1) 8.9(1) 9.5(2)[b]

P22 8.0(1) 9.0(1) 9.5(1) 12.8(3)[c]

NaphP 9.7(1)[d] 13.0(1)[c]

EDTA 8.1[e] 11.4[e]

[a] 10 equiv IDA with respect to the ligand were added to the solution
and the affinity constants of uranyl with IDA were taken into account
in the fitting procedure as previously reported.[11] [b] The pKa values
used to calculate the global β110 constant were taken from Ref. [6].
[c] The pKa values used to calculate the global β110 constant were taken
from Ref. [5]. [d] 0.1 M NaCl was used to fix the ionic strength to
reflect more physiological conditions for the final uranyl fluorescent
probe. [e] β110 from Ref. [12] at 25 °C and in 0.1 M KNO3. logKpH 7

calculated with the pKa values found in the same reference.
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four coordinating glutamate and/or phosphoserine (pSer)
residues.[11,17–19] These peptides were named pSn, n being the
number of pSer and (4� n) being accordingly the number of
coordinating glutamates in the sequence. Sequences of the
peptides used in this study are described in the Supporting
Information (Table S1). We recently demonstrated that
uranyl-binding affinity significantly increased along with n,
as shown by the conditional stability constants at pH 7
(Table 2). In our previous study, both phosphate-rich
peptides pS3 and pS4 showed a quite complicated speci-
ation, with three uranyl complexes formed during the
titration with uranyl, namely UO2pSn, UO2(pSn)2 and
(UO2)2pSn. As a consequence, analysis of the Trp
fluorescence data had been performed making assumptions
on the emitting or non-emitting character of these metal
species.[17] It was thus necessary to confirm the obtained
stability constants prior to building an affinity scale. NaphP
fluorescence being independent from the fluorescence of the
UO2pSn complexes, it was possible to re-assess these
constants by observing Naph fluorescence (λex=344 nm,
λem=380 nm). In experiments where NaphP and either pS3
or pS4 competes for UO2

2+ binding (Figure 2), Naph
fluorescence signal remained stable at the beginning of each
titration, indicating that affinities of both phosphate-rich
peptides for uranyl were significantly larger than that of the
probe. The fit of the overall Naph fluorescence evolution
pointed to the formation of the three above-mentioned
complexes, as in our previous analysis (Table S2). Impor-
tantly, constants found for the 1 :1 UO2pSn complexes were
particularly large, and consistent with previous determina-
tion: 1010.9 and 1011.5 for pS3 and pS4, respectively.[17]

Having confirmed the stability constants, it was then
possible to build the affinity scale. Quenching of NaphP
probe by uranyl was defined as Q= (F0� FU)/F0, F0 and FU

being the fluorescence intensities at 380 nm for excitation at
344 nm, before and after uranyl addition, respectively. Q
was chosen as readout for the affinity scale. Equimolar
concentrations of uranyl, probe and peptide were used, so
that uranyl would be the limiting factor and distribute
between the probe and the peptide according to their
relative affinities, forming 1 :1 complexes. If the peptide
affinity for uranyl was high, then only little UO2NaphP

complex would form and the probe would mainly be present
as free, emissive NaphP, leading to little quenching as
compared to uranyl-free conditions. So, the higher the
affinity of the peptide, the lower Q. (Figure 3). We
measured Q in presence of biomimetic peptides pSn or the
simple low affinity ligand EDTA, at pH 7 and at equili-
brium, with equimolar mixtures of probe, peptide and
uranyl.

As expected, EDTA and pS0 induced relatively high Q,
indicating significantly lower affinities for uranyl than
NaphP, whereas phosphorylated peptides pSn (n>0) nota-
bly decreased the signal-quenching of the probe, due to part
of the metal coordinated to the biomimetic peptide. As n
increased, Q decreased, which is consistent with the higher
affinities of the more phosphorylated peptides for uranyl.
Significantly, the quantity of UO2NaphP complex deter-
mined experimentally from fluorescence quenching corre-
lated well with the quantity calculated from known stability
constants (Figure S4). Most importantly, conditional stability
constants of 1 : 1 uranyl complexes for the series of
biomimetic peptides and EDTA decreased linearly as the
fluorescence quenching Q of the probe NaphP increased
(Figure 4). This confirms that the measurement of NaphP
quenching can be used to access stability data for unknown
compounds, provided it is within the range of the affinity
scale. Note that, to get reliable affinity constants, this assay
should be performed in controlled conditions, and in
absence of competing metals.

Using this affinity scale, the uranyl-binding affinities of
four native uranyl target proteins (serum albumin, apo-
transferrin, fetuin-A and osteopontin) could then be easily
evaluated by measuring the quenching Q at equilibrium in
solution, following the same procedure.

Figure 2. Variation of the maximum fluorescence intensity
(λexc=344 nm, λem=380 nm) of a solution of NaphP (2 μM) in
presence of 2 μM pS3 (left) or pS4 (right), following UO2

2+ addition.
Dots are experimental values and dashed lines represent the best fits
obtained with SPECFIT software, with the following constants:10.9,
17.0 and 19.2 for pS3 and 11.5, 16.4 and 21.0 for pS4, for the
complexes UO2pSn, UO2(pSn)2 and (UO2)2pSn, respectively.

[8–10]

Figure 3. A) Principle of the affinity assay. B) Fluorescence quenching of
the probe NaphP upon addition of EDTA or a biomimetic peptide,
followed by uranyl addition, in equimolar concentrations and in
buffered conditions (20 mM HEPES pH 7, 100 mM NaCl, 25 °C).
[NaphP]= [EDTA or peptide]= [UO2

2+ ]=2 μM.
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Serum albumin (HSA and BSA for Human and Bovine
serum albumin, respectively) and apo-transferrin (apo-Tf)
were believed to be the main targets of uranyl in serum for a
long time.[20,21] However, literature shows large discrepancies
in the corresponding equilibrium constants, depending on
which experimental conditions and methods were used. For
instance, microcalorimetry experiments showed two uranyl
binding sites for BSA at pH 5.5, with logK=7.2 and 5.4.[22]

Using fluorescence quenching of the proteins, logK=6.1
and 7.7 were obtained at pH 7.4 for HSA and Apo-Tf,
respectively, although without controlling the formation of
hydroxo uranyl complexes.[23] Time-resolved laser-induced
fluorescence spectroscopy experiments determined stability
constants logK=10.8 for HSA and 11.4–12.4 for apo-Tf at
pH 7.4, with huge variations upon presence of carbonate.[24]

Strikingly, both proteins gave significant quenching values in
our assay (close to 50%), indicating similar, moderate
stability constants: logKpH 7=8.8 and 8.9 for BSA and apo-
Tf, respectively (Figure 4).

Bovine fetuin-A (b-FETUA), a serum protein,[25] and
osteopontin (OPN), a protein involved in bone turnover,[3]

were identified more recently as having some of the largest
affinities for the uranyl ion. Indeed, in presence of these
proteins, nearly no quenching of the probe luminescence
could be observed (Q=6% and 5% respectively, see
Figure 4), indicating that the protein bound almost all uranyl
ions present in the assay. These quenching values were close
to those measured with the biomimetic peptide pS4 (Q=

6%), resulting in similar logKpH 7 (11.4 and 11.5 for b-
FETUA and OPN, respectively). This is in line with
reported affinities from CE-ICP-MS experiments, that gave
exactly the same values for both proteins.[2,26] The latter

value was obtained making the assumption of a ternary
complex b-FETUA� UO2� CO3 formed at low carbonate
content. Hence, the present analysis corroborated these
assumptions and confirmed the outstanding affinities of
these two native proteins for uranyl.

We also investigated the short synthetic peptide H8V,
pSDEpSDE, selected from OPN sequence and containing
two phosphorylated serine (pSer) residues.[27] Interestingly,
H8V gave a quenching similar to the model peptide pS1,
which coordinates uranyl with three carboxylates and only
one phosphate (Figure 4). This is consistent with structural
data acquired for H8V, showing coordination of only one
phosphate.[27] Using the affinity scale, affinity of H8V for
UO2

2+ was extrapolated to logK=9.2. This value is signifi-
cantly lower than those obtained for the cyclic biomimetic
peptides pS2 and pS2’, although they also contain two pSer
residues. In these latter peptides, pre-orientation of the
amino acid side chains favors coordination to the metal
cation. The fluorescence quenching method with NaphP was
demonstrated here to be highly sensitive to the affinity
constant.

In this work, we designed and characterized an original
uranyl-binding fluorescent probe, based on a peptide rigid-
turn structure that pre-oriented two unnatural amino acid
side chains to efficiently coordinate uranyl. Two iminodi-
acetic moieties could thus be accommodated in the equato-
rial plane of uranyl at physiological pH, with an affinity in
the range of those of native proteins. Importantly, incorpo-
ration of a naphthalimide fluorophore enables the detection
of uranyl binding with emission properties orthogonal to
biological media, thereby eliminating interferences with
naturally occurring fluorophores. Using a series of previ-
ously reported high-affinity uranyl-binding peptides, we
then built a reference scale for uranyl affinity in solution,
relying on signal quenching of our fluorescent probe. We
could show that there was a linear correlation between logK
and fluorescence quenching Q, making extrapolation to
other proteins and peptides straightforward. We finally
validated our approach by re-evaluating the uranyl-binding
affinity of four native proteins, confirming unambiguously
that b-Fetuin and OPN have significantly larger affinities for
uranyl than more abundant serum proteins BSA and Apo-
Tf. Unlike other techniques, this affinity assay was easy to
implement with common laboratory equipment (a fluorim-
eter) and did not necessitate advanced technical expertise.
In addition, measurements could be performed in solution,
in physiological conditions, and required only limited
amounts of samples. We thus envision that this tool will
facilitate the reliable and reproducible assessment of affinity
of peptides and proteins for uranyl.

Table 2: Conditional equilibrium constants for the formation of UO2pSn complexes at 25 °C and pH 7 (20 mM HEPES, 0.1 M NaCl) for the series
of biomimetic cyclodecapeptides.

pSn pS0[11] pS1[19] pS2[18] pS2’[18] pS3 pS4

logKpH 7 8.2(1) 9.1(1) 10.1(1) 9.7(1) 10.9(1) 11.5(1)

Figure 4. Correlation of the affinity constants expressed as logKpH 7 for
the UO2P complexes with Q, the fluorescence quenching of the NaphP
probe. Conditions: [NaphP]= [EDTA or peptide]= [UO2

2+ ]=2 μM.
20 mM HEPES pH 7, 100 mM NaCl at 25 °C: Red points and linear
regression (dotted red line, R2=0.97). Black crosses: experimental Q
for 4 uranyl-binding proteins and the short peptide sequence H8V
selected from OPN and equilibrium constants of the corresponding
1 :1 UO2

2+ complexes calculated from the regression.
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