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ABSTRACT

Fetuin is an abundant blood protein that participates in multiple biological processes, including
the transport and regulation of calcium. Fetuin is also known to have a high affinity for uranium
(as the uranyl dioxo cation) and plutonium, thus it has been suggested as one of the main
endogenous chelating biomolecules involved in the transport of actinides following an internal
uptake event. Nevertheless, no direct measurements of its affinity for f-elements beside these
two actinides have been reported. Here we investigate the interaction between fetuin and
trivalent lanthanides, such as samarium, europium, terbium, and dysprosium, by mass
spectrometry and fluorescence spectroscopy. Mass spectrometry results indicated that fetuin
has four metal binding sites for the metal ions studied. Upon formation, the metal-protein
complexes showed luminescence emission as a result of antenna sensitization of the metal ions,
whose photophysics were characterized and exploited to perform direct spectrofluorimetric
titrations. Furthermore, the thermodynamic constants were calculated for all complexes,
confirming the formation of stable complexes with log 8, between 26 and 27. In characterizing
the affinity of the serum protein fetuin for several f-elements, this study expands upon the
initial findings focused on uranyl and plutonium, and contributes to a better understanding of

the internal distribution and deposition of lanthanides.

KEYWORDS: Fetuin, lanthanides, luminescence, mass spectrometry



INTRODUCTION

The potential release of toxic radionuclides to the environment as a consequence of
industrial activities, such as the processing of nuclear fuel and waste, and accidents in nuclear
plants, is considered an important public health and environmental issue [1]. The radionuclides
generated during such nuclear-centric activities stem largely from the f-block, including
lanthanide (Ln) fission products and actinides (An) [2-4]. Although exposure to these
radionuclides has been associated with the development of several pathologies, the biological
pathways and biochemical mechanisms involved after internal contamination with most f-
elements is still not well understood [5,6]. Although Ln ions do not participate in fundamental
biological processes in mammalian systems (unlike in some bacteria [7]), they can bind to
endogenous proteins involved in the transport of other metal ions [8,9], such as transferrin
through binding sites made of tyrosine and aspartic acid [10,11]. Identifying and studying these
biological chelating molecules is important for understanding Ln uptake mechanisms and
internal transport, and to develop new decontamination treatments.

Of the many different endogenous targets that can bind Ln and An metal ions, fetuin has
been identified as one of the most important for uranyl and plutonium ions [12,13]. Fetuin is
an abundant blood protein (homolog of human a2HS glycoprotein) in fetal bovine plasma that
participates in a wide range of biological processes, including transport and scavenger
functions [14]. Since fetuin contains cystatin-line protein domains, it displays a relatively high
affinity for calcium and acts as a Ca(II) carrier and tissue calcification inhibitor [14]. Fetuin is
also rich in tyrosine and aspartic acid [15], which can potentially bind to the f-block metal
cations (Figure 1, the protein molecular structure was calculated with Phyre2 [16]). A previous
study determined fetuin as the serum protein with the highest affinity for U(VI), and
responsible for carrying up to 80% of the U(VI) present in serum [12]. These data suggested

fetuin is the major endogenous chelator involved in the biodistribution of U(VI) through blood,



and therefore responsible for its transport and accumulation into the bones. As only the binding
with U(VI) and Pu(IV) has been investigated, it is unclear whether fetuin also participates in

the binding and distribution of other f-elements, particularly those in different oxidation states.

Figure 1. Molecular structure of bovine fetuin-A with tyrosine and aspartate residues highlighted in red
and yellow, respectively. The protein structure was calculated with Phyre2 [16].

Here, we investigated the binding characteristics of trivalent samarium, europium, terbium,
and dysprosium to the serum protein fetuin. We determined the binding stoichiometry between
these f-elements and the protein by mass spectrometry. We also studied the emission of the
metal ions through protein antenna sensitization and performed direct spectrofluorimetric
titrations, which allowed us to determine the stability constants of the complexes. These results
confirmed the formation of stable metal-fetuin complexes, providing further understanding of

the interaction between f-elements and endogenous chelators.

RESULTS AND DISCUSSION

Metal complexes of fetuin were initially studied by mass spectrometry (details provided in
Experimental Section), a technique commonly used to characterize protein complexes [17].
Four Ln ions (Eu**, Tb**, Dy**, and Sm**) were selected to start with, based on their unique
luminescence properties [18,19]. The mass spectrum of fetuin holo-form was recorded and the
number of charges for each peak were assigned (Figure S1). Next, the mass spectra of fetuin

complexes formed upon addition of EuCls at protein:metal ratio varying from 1:0 to 1:7 were



measured (Figure 2a). The spectra changed upon sequential metal addition, indicating the
formation of fetuin-Eu complexes, which reached saturation around 1:4 protein:metal ratio.
Figure 2b shows the peak position for fetuin ions with charge state of -17 upon europium
addition, e.g. (Fetuin + i Eu*" - (17 + /)H)!”". The same behavior was observed for all tested
Ln ions (Figure 2¢). The peak maxima positions and number of charges were used to determine
the molecular weight of the different complexes (Table 1). The number of metal cations bound
to the protein was calculated by subtracting the mass of holo-protein to the masses of saturated

apo-proteins. In each case, fetuin was found to bind a maximum of four metal ions.
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Figure 2. (a) Mass spectra of fetuin (20 uM) with different ratios of Eu(Ill) at pH 7.4. (b) Variation of fetuin
m/z peaks with increasing amount of Eu**. (c) Representative mass spectra of fetuin (20 uM) with Sm(III),
Eu(II), Tb(III), and Dy(III) at fetuin:metal ratio of 1:5. The red line is used as reference to show the shift of
the peaks after the addition of lanthanides.
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The emission of certain f-block elments can be sensitized by proteins with tyrosine-based
binding sites through energy transfer mechanism [11,20]. Hence, the metal sensitization
properties of fetuin were explored for the [Fetuin(Ln)s] complexes formed with Sm**, Eu®*,
Tb**, and Dy** ions, which are known to emit strong luminescence in the visible through
antenna sensitization [18,21-23]. The excitation spectrum of fetuin (Figure S2) shows a band
centered at Amax = 280 nm, consistent with other tryptophan-rich proteins [24]; thus the
luminescence spectra for all complexes were recorded under excitation at 280 nm. The energy
of the fetuin triplet excited state was first determined using the Gd - protein complex (Gd** ion
is similar to Eu®* and Tb** but lacks an appropriately positioned electronic acceptor level to
emit), where the protein phosphorescence was observed through luminescence measurements

in a solid matrix (1:3 (v:v) MeOH:EtOH) at 77 K [25]. Gd** complex showed no luminescence



Table 1. Molecular weight and binding stoichiometry of fetuin-lanthanide complexes determined from
mass spectrometry data.

Total Mass (Da) A Mass (Da) Metal:Protein
Fetuin 48942 + 3874
Fetuin-Sm 49611 + 3891 669 + 22 42+0.1
Fetuin-Eu 49506 + 3845 559 + 60 3.7+04
Fetuin-Tb 49627 + 3895 680 + 35 43+0.2
Fetuin-Dy 49616 + 3881 669 = 37 4.1+0.2

from 400 to 450 nm at room temperature but, upon cooling to 77 K, an intense phosphorescence
with vibrational structure was recorded (Figure S3), which is characteristic of phosphorescence
from a tryptophan-containing protein triplet excited state [26,27]. From the positions of the
highest band, the energy of the lowest T, excited state was calculated at 22,831 cm!. The
spectra also revealed a broad fluorescence band with a maximum of 316 nm, corresponding to
a S excited state energy of 31,645 cm™!, and consistent with other tryptophan-rich proteins
[28]. Based on these singlet and triplet excited state values, fetuin was expected to sensitize the
luminescence of Sm**, Eu**, Tb**, and Dy*", since (1) antenna sensitization frequently occurs
as energy transfer from the ligand lowest triplet state to the Ln lowest excited level, and (2) the
triplet excited state of fetuin was higher in energy than the lowest emitting state of each metal
[29].

Sensitized emission was indeed observed in the visible range for the metal-protein

complexes (Figure 3) with emission peaks at Aem(Sm**) = 595, 645, 703 nm; Aem(Eu*") = 588,
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Figure 3. Emission of fetuin complexes after the addition of different equivalents of (a) Sm**, (b) Eu*", (c)
Tb*", and (d) Dy** at pH 7.4. The concentration of fetuin was 150 pM. (e) Normalized emission at 645, 615,
545, and 572 nm for Sm**, Eu**, Tb>*, and Dy>". The curves have been offset for clarity. (f) Time-resolved
luminescence of the different saturated fetuin-metal complexes at pH 7.4. The solid dark lines represent the
fitting with reduced chi-square (x2) of 1.15, 1.14, 1.12, and 1.19 for the Sm**, Eu®**, Tb**, and Dy>* complexes,
respectively. The excitation wavelength for all experiments was 280 nm.

6135, 649, 694 nm; Aem(Tb*") = 545, 586, 620 nm; Aem(Dy>") = 572, 660 nm. The luminescence
quantum yields of the four [Fetuin(Ln)s+] complexes were determined with the optical dilution
method (Figure S4). Solutions were prepared with a 1:5 protein:metal ratio in buffered aqueous
solutions at pH 7.4 to ensure the formation of the saturated protein complexes. Table 2 reports
the quantum yields that decrease in the following order Tb*" > Eu** > Dy** > Sm3*. Because
Tb** and Dy** have high metal emitting excited states (°D4 at 20,500 cm™! for Tb**, and “*Fop
at 21,100 cm™! for Dy**) [29], the quantum yield values of their complexes were expected to
be affected by energy transfer/back-transfer processes [30]. Time-resolved analysis of the
luminescence of the emitting complexes (measured at 645 nm, 615 nm, 545 nm and 572 nm,
for Sm**, Eu**, Tb’*, and Dy*", respectively, Figure 3f) revealed bi-exponential decays, with
luminescent lifetimes on the order of a few microseconds for the Dy** and Sm** complexes,
and longer decay times (up to hundreds of us) for the Eu*" and Tb*" complexes (Table 2).

Based on previous reports, the two lifetimes observed for each complex were attributed to two



different inner-sphere hydrations numbers [31]. Applying the empirical equations for f-
elements estimated by Kimura et al. [32,33], the number of inner sphere water molecules (gq)
for the Sm** and Eu** complexes in the predominant species was determined between 3 and 4.
Tb** and Dy** complexes were not calculated, since the experimental equations provide
unreliable hydration number when there are back-transfer processes involved [34]. The
secondary species displayed longer lifetimes in the Sm** and Eu’" cases, corresponding to a

single inner sphere water molecule.

Table 2. Summary of photophysical parameters for fetuin-metal complexes.

¢ in H20 (%) T in H20 (us) %" q
Fetuin(Sm)4 0.001 63+04 78% 37+£0.2
159+0.8 21% 1.2+0.1
Fetuin(Eu)4 0.02 282.0£6.6 72% 33+0.1
719.0+10.3 28% 1.0£0.0
Fetuin(Tb)4 0.1 536.0+17.8 39%
984.1+4.4 61%
Fetuin(Dy)4 0.004 59+£0.2 85%
16.3+0.6 15%
¢ refers to quantum yield.
T refers to luminescence lifetimes.
2 The population of each species was estimated through bi-exponential decay fitting of the time-
resolved luminescence data with reduced chi-square (x2) of 1.15, 1.14, 1.12, and 1.19 for the Sm*", Eu*",
Tb*", and Dy** complexes, respectively.

The sequential formation constants of the four protein-metal complexes were determined
through direct spectrofluorimetric titrations (Figure 3). After the metal addition, the solutions
were allowed to reach equilibrium for 60 minutes, until no luminescence change was observed,
and the emission spectra recorded (Aexc = 280 nm). The solution emission intensity increased
with the concentration of f-element cations, reaching a plateau around 1:4 ratio protein — metal
(Figure 3e), consistent with the final ratio determined by mass spectrometry. The fact that both
techniques provided the same stoichiometry reinforced the hypothesis that lanthanide
luminescence is sensitized in the four binding sites. The titration data consisting of sets of

emission spectra with varying concentrations of metal ion were analyzed by nonlinear least-



squares refinements (HypSpec software) [35]. The conditional stepwise binding constants (log
K;) obtained for each metal are summarized in Table 3 and indicate the presence of two sets of
two binding sites, one set of two displaying significantly higher affinities (log K; values
averaging 8.96 = 0.63) than the other (log K; values averaging 4.34 = 1.46). Of note, we
observed several cases, where log K; is higher than log K;_,, indicating cooperative binding
between the different sites. Both observations, (1) the presence of two sets of binding sites with
high and low affinity and (2) the existence of high cooperativity between several binding sites
are consistent with a previous report studying the interaction between fetuin and uranyl [12].
The overall conditional binding constants (log f,) were similar for all the studied cations,
averaging at 26.61 = 0.48, and were comparable to the one previously reported for fetuin —
Pu(IV) [13], and the ones published for Eu(IIT) and Cm(IIT) with Calmodulin, another calcium-
binding protein [36]. Moreover, these overall binding constants were higher than those reported
for the complexes formed between these f-elements and the iron-transport protein transferrin
[20,37-39]. These data contrast with what was observed and reported for the fetuin
complexation of U(VI), as only three binding sites (two with higher affinities than the third
one) were evidenced by size exclusion chromatography [12]. These differences can be
explained by the different coordination behavior between uranyl (pentagonal equatorial
coordination structure [40]) and the trivalent lanthanides (coordination numbers between seven
and nine with spherical coordination structures [41]). Finally, although further crystallographic
studies are needed to locate fetuin binding sites, trivalent lanthanides are expected to bind to
cystatin domain I [15], which is rich of acidic residues (aspartate and glutamate) and tyrosine,

known to have high affinity for f-block elements [42].



Table 3. Summary of conditional binding constants for fetuin-metal complexes measured at pH 7.4

log K log K5 log K3 log K, log B,
Fetuin(Sm); 8.73+£0.20 9.17+0.27 3.55+0.53 5.52+0.53 26.97+0.16
Fetuin(Eu); 8.55+0.25 8.61+0.27 4.83+0.13 5.00 £ 0.07 26.99 +0.05
Fetuin(Tb); 8.22+0.16 9.94+£0.16 5.35+0.05 3.01 £0.05 26.52 +0.04
Fetuin(Dy); 8.59+0.11 9.85+0.25 5.84 +£0.32 1.67 £0.31 25.96 +£0.21
The convergence values (o) for Sm, Eu, Tb, and Dy complexes were 0.006, 0.013, 0.005, and 0.007,
respectively.

CONCLUSIONS

In summary, we have characterized the binding of different Ln** metal ions to the serum
protein fetuin. Both mass spectrometry and fluorescence spectroscopy indicated that fetuin has
four available metal binding sites for the trivalent f-elements studied. In addition, the stepwise
and overall binding constants of fetuin with the metal ions were determined using nonlinear
least-squares refinements, which confirmed the mass spectrometry and fluorescence
spectroscopic results. This study evidences the formation of stable complexes between the
protein and trivalent lanthanides, expanding upon the hypothesis put forward by Vidaud and
coworkers [12,13] that fetuin is an important endogenous biomolecule involved in the internal

transport and distribution of f-element contaminants.
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All chemicals were obtained from commercial suppliers and were used as received. The Ln'!

salts utilized were of the highest purity available (>99.9%, Sigma-Aldrich). Metal stock
solutions (1 mM) were obtained by dissolving solid LnCl3-nH,O salts in standardized 0.1 M
HCI. A Millipore Milli-Q Advantage A10 Water System Production unit was used to purify

deionized water.

Sample preparation

Fetuin-A (Sigma-Aldrich) was dissolved in 20 mM HEPES, pH 7.4 for each new sample.
Measurements for spectrofluorimetric titration analysis were made at a protein concentration
of 150 uM, followed by a time delay for equilibration of 60 min. Fluorescence spectra were
recorded with a SpectraMax iD3 Multi-Mode Microplate Reader. Emission data were analyzed
by nonlinear regression analysis of fluorescence response versus metal concentration with
HypSpec software [35]. Mass spectrometry analysis and photophysical characterization studies

were made at a protein concentration of 20 uM in 1 mM NH4HCOs3, pH 7.4.

Mass spectrometry analysis

Mass spectrometry measurements were performed using an ESI-MS/MSXEVO G2 QTOF
system (Waters Technologies) equipped with an electrospray ionization source. The mass
spectrometry was performed in negative ion mode because ESI generates more positive ions
than negative ones, resulting in “cleaner” spectra with lower background in the negative mode
[43]. The ESI source held second electrospray ionization set up for simultaneous injection of
the lock-spray resulting in high mass precision measurements. Data acquisition and instrument
control were accomplished using the MassLynx software, version 4.1. Samples were directly
infused into the ionization chamber from the MS system. The operating parameters were as
follows: the nebulization gas flow rate was set to 600 L/h with a desolvation temperature of

300°C, the cone gas flow rate was set to 1 L/h, and the ion source temperature was 100 °C. The
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capillary, sample cone, and extraction cone voltage were tuned to 2.00 kV, 80 V, and 4.0 V,
respectively. The Q-TOF acquisition rate was 5 s, with a 14 ms inter-scan delay, with an
injection flow rate of 5 pl./min. Liquid N> served as nebulizer and Ar was used as collision
gas. A calibration check of the instrument was performed daily with 0.5 mM Csl, prior to
sample analysis. To recalibrate the instrument, a fresh 0.5 mM CslI solution in 2-propanol—
water (9:1, v/v) was prepared according to vendor procedures. The sample cone, extraction,
and capillary voltages were adjusted to 36 V, 2.5 V and 2.5 kV, respectively. The collision
energy was fixed to 22 eV. The recorded mass range was 200-5000 m/z and the calibration
mass range was 91.096-5000 m/z by using Csl. The acquired spectra were compared and
automatically adjusted to an internal stored reference spectrum. The lock-spray was used to
prevent mass shifting over the period of measurements and to correct the acquired spectra. The
lock-spray analyte was a 0.1% formic acid solution of 2 ng/L leucin-enkephalin (Waters
Corporation, 556.2771 m/z [M+H]") in acetonitrile-water (1:1, v/v) prepared according to
vendor procedures. Leucin Enkephalin was used as an internal standard in the optimization of
the mass spectrometers for LC-MS experiments. The instrument was tuned using the standard
solution to provide a minimum mass accuracy or resolving power of 22,500 FWHM resolution
(full width at half-maximum, m/z 556.2771 [M+H]" in ESI (+) mode) and a mass error for 11
replicates of 0.6 ppm. This solution was used as a lock mass to correct small mass drifts during
multiple measurements. During mass spectrometry acquisitions the lock-spray solution was
injected every 30 s for a scan time of 0.1 s, with a flow rate of 10 pL/min. The capillary voltage

was set to 3.0 kV and the collision energy to 15 eV.

Characterization of metal-complex photophysical properties
UV-Visible absorption spectra were recorded either on a Varian Cary 300 double beam
absorption spectrometer or Ocean Optics USB 4000, using quartz cells with a 1.00 cm path

length. Excitation and emission spectra and lifetimes were acquired on a HORIBA Jobin Yvon
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IBH FluoroLog-3 spectrofluorimeter, as described elsewhere [44]. Luminescence spectra were
followed for the protein emission band between 290-450 nm upon excitation of the absorption
maximum of the protein (Aexe = 280 nm) with 5-10 nm slits, while metal emission band were
observed in the 500-750 nm range with the slits adjusted to 5-14 nm. Lifetime analysis of fetuin
complexed with Eu*", Tb**, Dy** or Sm** was performed at emission maxima (Amax = 612 (Eu),
545 (Tb), 572 (Dy), 645 nm (Sm)), using the same spectrofluorimetry instrumentation coupled
to a Xenon pulsed light source. Goodness of fit was assessed by minimizing the reduced chi
squared function, ¥, and a visual inspection of the weighted residuals. Quantum yields were
determined by the optical dilution method, using an excitation wavelength of 280 nm and
tyrosine as a reference standard (@, = 0.14) [45]. Procedures for the data treatment of quantum
yields and kinetic parameters have been reported elsewhere [25]. The experiments were
performed in triplicates and the results reported as the measurement average and one standard

deviation.

Titration data treatment

The emission spectra from the titration experiments were recorded with a SpectraMax iD3
Multi-Mode Microplate Reader, and imported into HypSpec software and analyzed by
nonlinear least-squares refinement [35]. Conditional equilibrium constants were defined as
both stepwise (K’) and cumulative formation constants (4') based on the following equations,

where metal is described as M:

Stability Constants Equilibrium reactions
, _ [MFetuin] M + Fetuin = M Fetuin
1™ [M][Fetuin]
, _ [M;Fetuin] M + M Fetuin = M,Fetuin
2" [M][M Fetuin]
K = [M;Fetuin] M + M,Fetuin = M;Fetuin
3 7 [M][M,Fetuin]
, _ [M,Fetuin] M + M;Fetuin = M,Fetuin
* 7 [M][M;Fetuin]

13



gl = [M,Fetuin] 4 M + Fetuin = [MyFetuin]
* 7 [M]*[Fetuin]

The chemical equilibria included in the constant calculations were water autoprotolysis,
protein metal complex formation, and metal hydroxide formation. The stability constants used
during the refinement process are included in Table S1. The goodness of the fit was assessed

by minimizing the convergence value (c), which is the weighted sum of squares.

Notes
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