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Abstract: The impact of the contamination of living organisms by
actinide elements has been a constant subject of attention since the
1950s. But to date still little is understood. Ferritin is the major storage
and regulation protein of iron in many organisms, it consists of a
protein ring and a ferrihydric core at the center. This work sheds light
on the interactions of early actinides (Th, Pu) at oxidation state +IV
with ferritin and its ability to store those elements at physiological pH
compared to Fe.

The Ferritin - thorium load curve suggests that Th(IV) saturates the
protein (2840 Th atoms per ferritin) in a similar way that Fe does on
the protein ring. Complementary spectroscopic techniques
(Spectrophotometry, Infrared Spectroscopy and X-ray Absorption
Spectroscopy) were combined with Molecular Dynamics to provide a
structural model of the interaction of Th(IV) and Pu(lV) with ferritin.
Comparison of spectroscopic data together with MD calculations
suggests that Th(1V) and Pu(lV) are complexed mainly on the protein
ring and not on the ferrihydric core. Indeed from XAS data, there is
no evidence of Fe neighbors in the Th and Pu environments. On the
other hand, carboxylates from amino acids of the protein ring and a
possible additional carbonate anion are shaping the cation
coordination spheres. This thorough description from a molecular
view point of Th(IV) and Pu(lV) interaction with ferritin, an essential
iron storage protein, is a cornerstone in comprehensive nuclear
toxicology.

Introduction

Nuclear fission was first discovered in 1942. Since then, the
nuclear industry has been rapidly developing in the civil and
military sectors with applications in both energy production and
defense. This has brought new geostrategic, geopolitical and
environmental challenges and has raised a multitude of
questions concerning the impact on security, on the environment,
the biosphere and ultimately on the human population. During
this time, public attitudes toward the use of nuclear energy have
also evolved as awareness has grown over the potential dangers

of nuclear contamination. The main hazards are associated with
actinide elements and some fission products (elements emitting
mainly alpha and/or beta particles associated or not with gamma
rays) which can be both chemically and radiologically toxic when
ingested by humans or animals." The heaviest of those elements
have no known biological function and, in addition to their
chemical toxicity, are also capable of producing high levels of
localized radiation damage. 2 In-depth studies of the
biodistribution and bio-kinetics of actinides are essential for
understanding its in vivo behavior and for documenting its
biochemical toxicity. However, knowledge relative to actinide
transportation mechanisms, formation of complexes and the
accumulation of these elements in various biological
compartments, at a molecular level, is still patchy and unclear.’

Our focus is on plutonium (Pu) because of its key role in the
nuclear cycle and its emblematic position in the public perception
of nuclear risk. In the current geopolitical and technological
context, the probability of an accidental release of Pu into the
environment is very low but the consequences, if it were to occur,
would be disastrous. Pu itself is both a strong chemical and radio-
toxic element and is strongly retained by organisms. *
Consequently, the uptake of Pu can present considerable health
risks. In mammals, Pu migrates to the liver and skeleton, where
it can remain for decades.? Early studies by Durbin have shown
that rat liver (and feces) accumulate about 30% of initial Pu(IV)
dose after few 1-8 days.® Further studies on rats and mice
(injection of Pu(lV) citrate, intravenously) propose retention
figures of Pu in the skeleton and liver equal to 7 and 5%
respectively after 1h; 27% and 7% respectively after 24h.6. More
recently, Ansoborlo et al reported several figures and underlined
the importance of the injected chemical form, speciation (for Pu
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citrate, after 1 day, about 10% of Pu is retained in rat liver).”8
Overall, significant discrepancies in the data reflect the
importance of speciation dans kinetics in distribution results but
in any case liver is a significant target organ of soluble
plutonium.®10

In vivo Pu is mainly present at oxidation state +IV with the
following chemical properties' : hard acid on Pearson's scale,
large coordination numbers (8-12),'? and very high hydrolysis
propensity. Finally, although Pu(lV) chemistry bears little
resemblance to that of Fe(lll) it has been suggested that their
biological reactivities are comparable to some extent. '® In
mammals for instance, the majority of Fe is incorporated into the
structure of hemoglobin where it serves as a binding site for
oxygen transport. The remainder of the Fe is transported in the
blood by bio-ligands such as proteins to various organs.' Once
it has passed the cell barrier, iron can be used by mitochondria
and stored in the ferritin protein, which allows its regulation in the
body."s

In vivo, specifically in mammals, it has been shown that
transferrin involved in the iron cycle is a possible target of Pu.'®
Pu is believed to be transported in the blood and into the cells by
transferrin.'”'® Once in contact with the cell, it can pass the cell
barrier (endocytosis) and thus end up in the cell. However, the
specific pathways at the molecular level that Pu uses to locate
and enter into cells have never been fully understood." In liver
cells more specifically, interactions between Pu and ferritin have
been mentioned but not characterized.?°:2":22 In rat's liver the
transfer of plutonium from transferrin to ferritin has been reported
to be similar as iron.?° In beagles livers injected with Pu(IV) citrate,
most of soluble Pu has been found associated with ferritin in the
cytosol fraction and in mitochondria.?! This seems to draw a
paralell between plutonium and iron incorporation into hepatic
cells involving ferritin.?3 In the longer term, such parallel could
drive the release of Pu into the haptic cell and make it available
for chronic contamination.

The ferritin protein can store up to 4500 iron atoms as an iron
oxohydroxide core.? It is also capable of releasing iron, which is
stored in a controlled manner.?%-2% It is an oligomeric protein
consisting of 24 subunits of mass 474 kDa, presenting a
quaternary structure (heavy H and light L subunits of 21 kDa and
19 kDa, respectively). 2’ Ferritn has a hollow spherical
conformation with an outer diameter of 12 nm and a cavity of 8
nm 23, Channels between the subunits form an iron-protein
interaction pathway from the surface of the protein to its iron core.
Fe (essentially Fe?*) once interacting with the protein, will move
to its center to accumulate and form a stable ferric oxyhydroxide
core called ferrihydrite (Fe(lll)). The ferritin contained in the liver
is composed mainly of the L subunit (about 90%). Conversely,
the heart and kidneys are composed mainly of the H subunit.?%-%
Ferritin is able to store exogenous metals, many +l| cations: Cu?*,
Co?, Zn?*, Mn?*, Pd?* and Mg?*.3" While the H subunit is mainly
associated with RedOx processes (oxidation of Fe(ll) into Fe(lll)),
the L subunit is devoted to Fe storage mechanisms.3?

In this report we describe with a methodology that we have
developed the mechanisms of ferritin-plutonium and ferritin-
thorium interactions with L subunit.3® 232Th(IV) is used for some
of the following experiments as a chemical surrogate of 2°Pu(IV)
because the massic activity of the latter makes it very difficult to
manipulate. To accomplish this, we utilized an original tool box
made of analytical, spectroscopic and macromolecular model
tools. At first, a ferritin-Th response curve with ICP-MS
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(Inductively Coupled Plasma - Mass Spectrometry) was
performed. Then the Th and Pu local environments when bound
to ferritin were explored with XAS (X-ray Absorption
Spectroscopy) complemented with IR (Infra Red) and
spectrophotometry. A macromolecular model realized by MD
(Molecular Dynamic) calculations allowed us to pinpoint the
amino acids involved in this interaction. Based on these data, we
were able to formulate a hypothesis regarding the interaction
mechanisms between Pu/Th and ferritin.

Results and Discussion

To avoid hydrolysis at physiological pH, Th(IV) and Pu(lV) were
protected by carbonate anions who are found in serum at 22 mM
to 28 mM level.3* The limit complexes M"(CO3)s% (M = Th, Pu)
have been prepared and used as stock An solutions.

Ferritin characterization

Ferritin is composed of two types of subunits (L and H subunits)
for which the amino acid sequence is listed in Table S1 of SI.
Ferritin (horse spleen) was purchased from Sigma-Aldrich. It is
composed of 90% L subunitand 10% H subunit. Because Ferritin
proteins are characterized by their Fe content, the Fe elemental
content was quantified by ICP-MS/MS in our stock solution
(noted stock-F) after a dialysis step (see experimental section).
The maximum storage capacity is estimated in the literature
around 4500 Fe atoms total. Previous studies have determined
that the ferrihydrite core of ferritin can contain up to about 1800
Fe atoms and the average loading capacity of the protein ring is
of the order of 2800 Fe atoms (total = 4500).35-% In stock-F, the
amount of Fe atoms has been determined equal to 517 (Table
S2 of Sl). Iron contained in our F-stock represents approximately
11% of the maximum storage capacity.

Ferritin - plutonium interaction, spectrophotometry

The complexation of Pu(IV) with stock-F has been monitored by
spectrophotometry (Figure S1 of SI) and compared to the
spectrum of the Pu(IV) carbonate complex Pu(COzs)s®. The band
at 486 nm, is characteristic of Pu(COs)s* with extinction
coefficient € = 66 L.cm™.mol"".3” The spectrum of F-Pu (with F/Pu
ratio equal to 1/2780), taken 24 hours after mixing (red line) is
characterized by a drastic decrease in the absorbance compared
to the carbonate and a splitting of the band centered at 486 nm
in two distinct bands at 484 and 487 nm. This change is in
agreement with a displacement of carbonate anions in the Pu
coordination sphere and consequently with the formation of a
plutonium-ferritin complex subsequently noted Pu-F complex.
After the successive addition of 3 M carbonate solution, this
double band increases again and evolves towards the band
associated with pure Pu(COs)s®, meaning that complexation is
reversible in the presence of a large excess of carbonate (as
discussed in the last section).

In order to further characterize the F complexation capacity, a
load curve was measured and is discussed in the next section.

Ferritin-Thorium load curve

Because of radioprotection safety, a Pu(lV) load curve could not
be recorded in our laboratory. Taking advantage of the relative
chemical analogy between Th(IV) and Pu(IV), only the Th(IV)
load curve was performed.
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Th/Fe ICP-MS
Th/Fe UV-Vis

Th/Fe ratio in F-Th complex

U T T T T !
6

initial Th/Fe ratio

Figure 1. F-Th load curve. Ferritin in MES-NaCl buffer medium (50
mM - 150 mM) at pH = 7.5. Thorium is brought in as thorium
carbonate. Samples were prepared in triplicate. Average Th/Fe ratio
values obtained by ICP-MS/MS (blue dots) and by UV-Vis (red dot).
The last point (red dot) allows to confirm the plateau of the curve. Y-
error bars correspond to 1 SD, X-error bars.
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atoms that has been reported in the literature to be bound to the
protein ring. According to this hypothesis, Ferritin would therefore
be able to saturate its protein ring with Th in the same way as it
does naturally with iron.

Ferritin-Th Infrared spectrum

In order to obtain an initial image on the chemical environment
of Th after complexation, an Infrared study was carried out (for
the same reason as above, only Th was studied in this section).
In Figure S2 of SI, the reference spectrum of Th(COs3)s% (blue
line) is compared to that of stock-F (black line) and to that of the
F-Th complex (red line). The F-Th complex was micro-filtrated
at 30 kDa and then washed to remove the excess of Th
carbonate that did not interact with the protein (Th/Fe ratio = 5.4).
The Th(COs)s% spectrum highlights the presence of symmetric
and antisymmetric characteristic bands of the vs carbonates at
1606 cm™ and 1360 cm™ respectively®3° in the bidentate
mode*®#'. The spectrum of stock-F (black line) shows the amide
bands | and Il at 1651 cm™ and 1549 cm™ respectively. The
spectrum of the F-Th complex (red line) also shows the amide

. So? Q factor
Sample OIN first shell C shell AEO (eV) R-factor
. 10.2(4) O at 2.44(2) A 5.1(4) C at 2.88(1) A 1.0 38
Pu(COs)s 02 =0.006 Az 02 =0.008 A2 6.54 3.1%
E-Pu 10 O (fixed) at 2.39(5) A | 5.2(20) C at 3.34(4) A 1.0 32
02 =0.007 A2 02 =0.007 A2 6.26 2.2%
6. 10.8(4) O at 2.50(8) A 5.4(4) C at 2.96(9) A 1.0 39
Th(COs)s % = 0.007 A? 0% = 0.014 A? 7.07 2.9%
T 100 (fixed) at 2.44(6) A | °1(22) C a13.56(26) 1.0 14
2 — 2 o,
02 =0.007 A o220 005 A2 6.52 2.1%

Table 1. Best fit structural parameters obtained from EXAFS data fitting. For F-Pu and F-Th, figures in italics have been fixed. o2
is the Debye Waller factor of the considered scattering path. S is the global amplitude factor, eo is the energy threshold, Riactor is
the agreement factor of the fit in % and QF is the quality factor (reduced CH/?) of the fit. Uncertainties given in bracket are related

to the last digit.

The load curve is a titration of stock-F with an increasing amount
of Th(COs3)s® solution in MES-NaCl buffer (50 mM — 150 mM) at
physiological pH (7.4). It was obtained with micro-filtration at 30
kDa (see experimental section and Table S3 of Sl). The quantity
of Th bound to F was measured in the filter with ICP-MS/MS (blue
dots) and UV-Vis (red dot). The load curve presented in Figure 1
is expressed as atomic Th/Fe ratio on both axes and was carried
out up to a maximal ratio of F/Th equal to 1/4500 (corresponding
to Th/Fe = 8.7). In the first part of this curve, between Th/Fe equal
to 0 to 6, the capacity of the protein to store Th increases linearly.
After Th/Fe ratio reaches 6, a plateau is observed. This plateau
corresponds to a Th/Fe ratio in the complex equal to 5.5. Note
that according to the characterization of our stock-F after dialysis,
517 iron atoms are already present. Therefore, if no Fe atom is
released during Th complexation, this corresponds to a number
of about 2840 thorium atoms bound to one F (Table S4 of SI).
This number corresponds to the approximate number of Fe

3

bands | and Il at 1651 cm™ and 1549 cm™' respectively but also
a band at 1361 cm™ characteristic of the vs carbonate anti-
symmetric band that overlaps with the previous bands (the two
spectra of stock-F and F-Th have been normalized to the amide
band | at 1651 cm™). There is a decrease in these two bands
compared to those of stock-F (confirmed on the subtraction
spectrum of {stock-F — F-Th}, green line). These results suggest
the presence of at least one bidentate carbonate in F-Th
complex.

Ferritin-Th and Ferritin-Pu local environment

To pinpoint the complexation site(s) of Th/Pu in the protein even
further, XAS analyses of the local environment of Th and Pu in
F-Th and F-Pu complexes were performed with F/Pu ratio equal
to 1/550 (corresponding to a incubation Pu/Fe ratio equal to 1.1)
and F/Th ratio equal to 1/1973 (corresponding to an incubation
Th/Fe ratio equal to 3.8). This ratio is shown by an arrow on
Figure 1 as an indication.
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First, possible modifications of the protein iron core after
complexation with Th were investigated measuring the protein
XANES signal at the Fe K edge (similar XANES with F-Pu sample
has not been realized). The XANES spectrum of F-Th shown in
Figure S3ab of S| shows no difference to that of stock-F.
Furthermore, a comparison was made with reference spectra of
Fe(ll) and Fe(lll). Normalized absorption spectra together with
first derivatives clearly show that both aspects of F-Th and Stock
F are identical and correspond to the Fe(lll) species. This is the
natural storage oxidation degree of iron inside the ferritin core. A
clear modification of Fe K edge XANES would imply that most Fe
environments would be affected by the presence of Th atoms.
The expected Th/Fe ratio is close enough to unity (0.5 from
Figure 1) in our conditions to assume that in absence of Fe K
edge XANES modification, most Fe atoms are located away from
the Th complexation sites (away meaning further than 4-5 A from
the XAS point of view). In conclusion, it can be assumed that
most Th atoms are not complexed on the ferrihydrite surface but
on the protein ring.

In order to verify this assumption and complement the picture of
the Th/Pu complexation sites, molecular dynamics models of the
interaction of Pu with F were combined with the EXAFS
measurements.

Th(CO)*

6

Pu(CO,)?

EXAFS amplitude in k2 (k) shifted in ordinates (a.u)

10

Wavenumber (A™)

Figure 2. Th/Pu Ly edge experimental EXAFS spectra of F-Th (violet),

Th(COs)s® (green), F-Pu (blue) and Pu(COs)s® (black). Fits are
shown in dotted line. The orange line (Pu3(B)) corresponds to the
simulation of the Pu site obtained from MD representing the ternary
complex (protein, carbonate, water).

Figure 2 compares the experimental EXAFS spectra of Th-F,
Th(CO3)s%, F-Pu and Pu(COs)s%. When comparing the EXAFS
spectra of Th(COs)s®with that of F-Th on the one hand and of
Pu(COs)s% with that of F-Pu on the other hand, significant
differences appear. A shift in low k values and a modification of
the wave shape are visible in Figure S4 (derivative of the EXAFS
signal) between 2 and 4 A' between F-An and An"Y(CO3)s® (An
= Th, Pu). This is a qualitative indication that the environment
around the actinide is different in the carbonate and the ferritin
complexes. Best fit parameters of An'"(COs)s* have been
reported as an indication of the fit procedure in Table 1. They
correlate very well with literature data on An(lV) carbonates : the
crystalline structure of Pu(COs)s® locates oxygen atoms at 2.42
A, carbon atoms at 2.88 A“?; the crystalline structure of
Th(COs)s% locates oxygen atoms at 2.47 A, carbon atoms at
2.98 A%,

4
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To go beyond this qualitative comparison, a F--Pu model (F- = L
chain of ferritin as explained below), obtained from classical
molecular dynamics (MD) simulations, starting from Pu(COz3)s® in
the presence of ferritin, was performed. Since using an entire
Ferritin molecule would be too time consuming for such a
simulation, especially in light of the fact that our primary focus is
on the local environment around An atoms (An = Th, Pu), we
selected single L chain of horse apo-Ferritin (from cadmium-
bound Ferritin, PDB:1aew)** and used it as a model for Pu(IV)-
bound Ferritin (noted F- here after). The simulation of F--Th was
not performed. Two types of simulations were undertaken. In one
simulation (simulation A), a crystal structure of the L chain was
used as an initial structure by replacing six Cd atoms therein with
Pu. In another simulation (simulation B), six Pu atoms were
randomly distributed around a metal-free L chain. Carbonate
(COs%) and Na* ions were further added to mimic experimental
carbonate concentrations and for the sake of charge
neutralization. Further details of calculations are given in the
experimental section. Simulations were performed for 150 ns
simulation time.

Simulation B

u\

Pu3(B)
Coz.;o Glu134 \y:“ !l\/
A$p131 % Gly 61‘(;':57 . co,> ”PUS(B)
Pu1(B "‘33'
M Glu64 %% S ( ) PU2 B) y\‘aco 2-
M ﬁluso \ C°3 v!; o>

TARRS R
/l/“\/\./\ PU6(B) Pud(e)

Figure 3. Simulation B model (F--Pu): Structures of Pu-bound L chain
at simulation time t = 150 ns. Protein in gray ribbon, Pu in large lime
balls, waters in small blue balls (hydrogen atoms omitted), carbonate
ions in light blue.

The results of MD simulations show that out of 6 Pu** ions in the
simulation box, roughly one third binds to the protein and the rest
remains unbound. Both simulations (simulations A and B) with
different initial Pu positions converged to two structures (Figure
3 and Figure S5ab of Sl) whereas their binding patterns (e.g.
ratio of bound and free Pu, involved amino acids) are overall very
similar.

Positions of Pu atoms in MD trajectories depends heavily on
where they were initially placed and the snapshots depicted in
Figure 3 and S5 may further develop over longer simulation
scale. Therefore, these images should only be seen as
conceptual and Pu positions therein should not be considered
as their “final positions”. Nonethless, closer look into local
environment around Pu gives great hints about the nature of Pu-
ferritin interaction. Pu(lV) binding to the L chain appears to be
non-specific and each Pu has its own environment composed of
water, carbonates and carboxylate groups derived from the
amino acids of the protein. In simulation A, two Pu(IV) ions are
bound to the protein via one or two carboxylic groups of Asp and
Glu. In simulation B, two Pu(lV) ions are bound to the protein
involving two or four carboxylic groups of Asp or Glu. In both
simulations A and B, the rest of Pu (which remain unbound to
the protein) form carbonate aquo complexes (see Table S5).
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However, it is possible that in present simulations, the presence
of unbound Pu is overrepresented because of too high
concentration of metal in simulation box. The average radial
distribution functions (RDF) around the Pu atoms for protein-
bound (2 Pu atoms) and protein-free (4 Pu atoms) Pu are given
in Figure S6abc of SI. First Pu coordination sphere emerges at
around 2.35 A with main contributors being oxygens from
coordinating protein, waters and carbonate. The second
coordination sphere is made of C atoms. It is localized around
2.85 A and it corresponds to atoms from carbonate anions and
protein. A third coordination sphere, characteristic of only C
atoms from the protein, is localized around 3.45 A. A detail of
this part of the RDF for Pu1(B) and Pu3(B) (both being linked to
the protein) is given in insert of Figure S6b. In conclusion, when
a ternary complex occurs (Pu3(B)) C from carbonates and
protein are visible in the second and third coordination spheres
respectively. When a binary complex occurs (Pu1(B)), C from
the protein are visible with less intensity in the third coordination
sphere. But of course, this is only indicative.

6 EXAFS spectra corresponding to the 6 Pu atoms of simulation
B have been calculated (see Figure S7 of Sl). The average of
Pu1(B) and Pu3(B) (called merge-Pu model in Figure S7 of Sl)
represents the average EXAFS spectrum of Pu bound to the
protein in Simulation B. Qualitatively, both spectra (merge-Pu
and experimental F-Pu) are very similar, except for extra
dumping of the amplitude in the 9-11 A" region for the F-Pu
spectrum. The EXAFS spectrum of the ternary complex Pu3(B)
is also compared to that of F-Pu in Figure 2 and again both
spectra are very similar.

Based on the environment of the Pu(lV) ions in the F~-Pu model,
EXAFS fitting of F-Pu and F-Th was performed with an
environment of carboxylate functions from the protein and
possible residual carbonate anion. Best fit parameters of F-Th
and F-Pu are displayed in Table 1. The total number of O atoms
in the An (An = Th, Pu) first coordination sphere was arbitrarily
fixed to 10 because a precise absolute number was difficult to
obtain from EXAFS data fitting with such large coordination
numbers (CN) ranging from 8 to 12. For F-Pu, Pu-O distances
obtained from EXAFS fitting are equal to 2.39(5) A. This is to be
compared with the average value of 2.3 - 2.5 A obtained from
radial distribution function of Figure S6ab of Sl. In the second
coordinating sphere, 5.2(20) C atoms are located at 3.34(4) A.
This distance corresponds to the largest Pu-C contributions of
the RDF (zone 3.3 - 3.5 A). No C atoms around 2.8 A
(corresponding to the second coordination sphere of Pu-C zone
in the radial distribution function) were necessary to the fit.
Addition in the fit of a fixed triple scattering path corresponding to
the distal oxygen atom of a carbonate anion (oxygen that is away
from the cation in COs? bindentate binding) did not improve the
fit significantly (Q factor = 31; R-factor = 2.1% with the triple
scattering path of distal O; Q factor = 32; R-factor = 2.2% without
this contribution). This scattering path is a fingerprint of carbonate
ligation in bidentate mode because it is of largest amplitude. In
consequence, EXAFS data does not allow to assert whether or
not a carbonate anion is present in the Pu coordination sphere
together with protein carboxylates.

The fit of F-Th is similar to that of F-Pu : the Th-O distance is
equal to 2.44(6) A and the Th-C distance is equal to 3.56(26) A
(with very large uncertainty). The results of the F-Pu and F-Th
complex are very close within the actinidic contraction from Th
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to Pu. We can therefore deduce that Pu and Th interact with the
ferritin in a similar way.

Further comparison with literature structural data might be
provided by the crystallographic plutonium oxalate structure.*® In
this structure, the Pu-O distances range between 2.45 A and 2.51
A and the Pu-C distances range between 3.25 A and 3.46 A (but
oxalate bonding is quite different). EXAFS best fit (2.39 A and
3.42 A) for Pu-O and Pu-C respectively are in agreement with
those data although the comparison must be only indicative
because carboxylate ligands are very different from protein
carboxylate functions.

Tentative understanding of Pu(Th)-ferritin interaction
The load curve of ferritin in the presence of thorium shows that
the complexation process occurs until a plateau of 2840 Th
atoms per ferritin is reached (corresponding to Th/Fe ratio equal
to 5.5). Naturally, ferritin can store up to 4500 iron atoms,
distributed between the ferrihydric core and its protein ring as
follows: up to about 1800 iron atoms in the core and of the order
of 2800 iron atoms on the ring. The load curve of stock-F with
Th suggest a maximum load of 2840 atoms for one F, and this
number corresponds to the estimated load of Fe on the ring of
native F.

The XANES spectrum at the Fe K edge of F-Th (with Th/Fe ratio
equal to 0.5) shows no difference with that of stock-F,
suggesting that Fe atoms are mostly located in the core and that
no Th is located in their vicinity (XANES probing range less than
about 5 A for M-M interaction). In addition, infrared data of stock-
F and of F-Th suggest the presence of at least one carbonate
anion in the complex. All together, these data back the
assumption that a complex might be formed between the ferritin
ring, carbonate and Th. In other words, there is no visible
interaction between Th and the ferrihydric core, suggesting once
again that the majority of Th is complexed on the protein ring.
MD calculations performed with ferritin and Pu(IV) bring an
interesting light to the complexation mechanism. In two types of
simulations, the environments at the different Pu sites support
the IR and XANES analysis performed with Th/Pu : the cation
interacts with the protein ring and forms complexes in which
carbonate anions and/or water may also be present. Several
types of ternary complexes, composed of carboxylate groups,
carbonate and/or water are found to be possible and mixed.
EXAFS best fit results of the F-Pu and F-Th spectra also indicate
that the local environment of the cation are mainly carboxylate
groups but the presence (or absence) of an additional carbonate
anion is impossible to assess. In the second sphere 4 to 6 atoms
of carbon are located at about 3.4 A. These carbons correspond
to those of the carboxylate groups of the amino acids that make
up the ferritin ring. According to the literature, Fe atoms in
interaction with the protein ring also have aspartate and
glutamate amino acids in their environment.*®

In the literature, the formation constants of Th with carboxylate
groups varies between 4 and 12 (log units) depending on the
complex type*” while for Pu, constants varies between 8 and
17 48 The formation constant of the An(CQO3)s® complex is of the
order of 62.4° A simple thermodynamic simulation shows that to
displace equilibrium from Pu(COs3)s® to a Pu(Carbox). with a
ratio Pu(COs)s® : Pu(Carbox)z = 1:100 (this is only indicative), a
minimum ratio of CO3% : Carbox = 1:300 is neeed. In our study,

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

the load curve suggest that the interaction between Th and F
involves about 2840 complexation sites (for 1 F). This number is
in qualitative good agreement with simple thermodynamic
considerations. The UV-Vis titration of Pu-F with carbonates
supports also this idea and when an excess of carbonate is
added, the pure plutonium carbonate complex is formed again.
However the actual strength (affinity constant) of this interaction
has not been quantified because of the absence of specific
binding sites on the subunit.

It has been shown that the ring of amino acids (Asp, Glu) interact
with Fe to eventually drive the atoms from the surface of this ring
to the ferrihydric core. Conventional MD simulations of F
interacting with iron support the hypothesis that the triple
channel is the main passage for iron ions from the outside of the
ferritin to the ferrihydric core. When a ferrous ion reaches the
entrance of the triple channel, it first encounters the histidine
residue at the outer opening of the channel. It then
spontaneously leaves the histidine site to interact with three
residues of Asp and three residues of Glu which serve as binding
sites for Fe?*/Fe®* within the funnel-shaped triple channel. As
more external Fe ions enter these channels, they are pushed
towards the center of the ferritin.5%%" The F--Pu models together
with all spectroscopic data reported here suggest that the same
aspartate and glutamate amino acids interact with Th/Pu on the
protein ring. Therefore a similar mechanism could be invoked for
Th/Pu cations because of their affinity for the same carboxylate
function. But in present experimental conditions our EXAFS data
show no trace of Th/Pu on the surface of the ferrihydric core.

Finally, previous studies of iron interactions within mammalian
ferritin and bacterioferritins have been performed by X-ray
crystallography. Fe has been shown to be located on the inner
surfaces of the L chain apoferritin®2. The residues interacting
with Fe are the carboxylate groups from glutamates and
histidines, very similar to our findings with Pu and Th.%® This also
confirms that the interaction sites are not selective for the metal.

Conclusion

This work explores the interactions of early actinides (Th, Pu) at
oxidation state +IV with ferritin (F), an essential iron storage
protein, and its ability to store those elements at physiological pH
compared to Fe.

The maximum storage capacity of ferritin with Th(lV) was
determined by measuring the F-Th load curve. It shows a
maximum F/Th ratio equal to 1/2840. This ratio agrees with the
maximum storage capacity of the protein ring with Fe.
Comparison of spectroscopic data (spectrophotometry, XAS,
FT-IR) together with Molecular Dynamics (MD) calculations
suggest also that Th(IV) and Pu(IV) are complexed mainly on
the protein ring and not on the ferrihydric core. EXAFS best fit
data of the F-Pu and F-Th complexes indicate that the local
environment of the cation are mainly carboxylate groups. Overall,
EXAFS analysis together with MD calculations support the
complexation of Th(IV) and Pu(lV) with carboxylated amino
acids of the protein ring and a possible additional carbonate
anion. It has been shown that the ring of amino acids (Asp, Glu)
interact with iron to eventually drive the atoms from the surface
of this ring to the ferrihydric core. The MD models together with
all spectroscopic and analytical data reported here suggest that
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the aspartate and glutamate amino acids interact with Th/Pu in
a similar way Fe does. This thorough description from a
molecular view point of Th(IV) and Pu(lV) interaction with ferritin
is an important step in comprehensive nuclear toxicology.

Experimental section

All chemicals used were of analytical grade except for the protein.
Horse Spleen Ferritin was purchased from Sigma-Aldrich. The
commercial batch was dialyzed prior to use : ferritin was placed
in a 12 kDa membrane and dialyzed for 24-hour 3 times in buffer
medium 5x102M MES, 1.5x10"'M NaCl, pH 7.4 £ 0.1.

Actinide (Th, Pu) stock solutions

9Py (96% 239, 4% 240)was obtained from CEA stock. This
stock solution underwent a step of total reduction to Pu(lll) with a
mixture of 0.5 M hydroxylamine + 0.5 M hydrazine in nitric acid
medium.5* After reoxidation in nitric acid, the solution was purified
using a DOWEX 1/8 chlorine ion exchange resin.

Pu(COs)s% stock solution was prepared by mixing 120 uL of
Pu(lV) at 2.5x10> M and 180 pL of carbonate at 3 M. Pu(lV)
concentration in the carbonate medium was determined from the
absorbance of the 486 nm peak for which molar extinction
coefficient is 66 L.mol-1.cm™".%7

A 0.15 M solution of Th(lV) nitrate (Th(NO3)4.5H20, Sigma
Aldrich) was dissolved in a 3 M carbonate solution to obtain a
Th(CO3)s® solution.

Ferritin characterization

250 pL of F-stock were digested in 15 mL polypropylene tubes at
room temperature for 48 h with 1 mL of 34—37% HCI (Plasmapure
plus degree, SCP Science) and 1 mL of 67-70% HNO3
(Plasmapure plus degree, SCP Science). The digested samples
were then evaporated to dryness at 95 °C using a heating block
(=3 h). Finally, 10 mL of 2% HNO3 were added to the tubes and
placed in the ultrasonic bath for 3 minutes.

Samples were analyzed by ICP-MS/MS (Agilent 8800, Tokyo,
Japan). Detection of Fe was carried out introducing He in the
collision/reaction cell at a flow rate of 4 mL min' (on-mass
detection %®Fe => %Fe) and setting kinetic energy discrimination
(KED) to 5V. The transitions *Fe => %Fe, 5Fe => 5Fe were also
monitored, but only the isotope %Fe was used to quantify F-stock
iron content. Quantification of the F-stock iron content was
carried out by resorting to external calibration with standards of
Fe in HNO3; 2% prepared from ICP-MS Fe standard solutions
(SPEX CertiPrep, Inc.). Operation conditions were daily
optimized using a tuning solution.

Ferritin - plutonium complexation, spectrophotometry
Absorption spectra were recorded over the wavelength region
400-550 nm with a single beam Agilent Cary 60 UV/Vis
spectrophotometer and using a small volume 10 mm path length
quartz cuvette.

The plutonium carbonate-ferritin complex was prepared by
mixing 150 uL of Pu(COs)s® stock, [Pu] = 1x10° M, with 150 uL
of F in the buffered solution: 5x102M MES + 1.5x10"'M NaCl; pH
7.4 + 0.1. An addition of 75 yL HNO3 2 M followed by a 50 pL
addition of the buffer solution maintained the pH at 7.4 + 0.1. With
these conditions, the complex F/Pu ratio was equal to 1/2780.
This solution was left to stand for 24 hours.

To reverse complexation equilibrium, 50 yL of 3 M carbonate
solution were then added directly to the Pu-F complex solution
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and the spectra were recorded successively until the spectrum
no longer evolved. This operation was repeated three times. The
last spectrum was recorded 72 hours after the last addition.

Ferritin-Thorium load curve

Different samples were prepared with various ratios of Th : F,
from 0 : 1 to 3600 : 1. Each sample was prepared in triplicate for
one point of the load curve. For all samples, the same procedure
was applied. 25 pL of diluted Th(COs)s® stock solution, [Th] =
8.2x10° M, were mixed with 250 pL of F previously stored in the
buffer medium. The contact was made directly on a 30 kDa
microcon® centrifugal filter and stored at 4°C during 24 hours. A
centrifugation step (12 000g; 6 minutes; 4°C) followed by rinsing
with the buffer medium was carried out. The supernatant was
then recovered (after rinsing of the filter). Supernatants were
digested in 15 mL polypropylene tubes at room temperature for
48 h with 1 mL of 34-37% HCI (Plasmapure plus degree, SCP
Science) and 1 mL of 67—70% HNOs (Plasmapure plus degree,
SCP Science). The digested samples were then evaporated to
dryness at 95 °C using a heating block (=3 h). Finally, 10 mL of
2% HNO3 were added to the tubes and placed in the ultrasonic
bath for 3 minutes. Afterwards, 1 mL of this solution was diluted
to 10 mL with 2% HNOgs (Suprapure).

Samples were analyzed by ICP-MS/MS (Agilent 8800, Tokyo,
Japan). Simultaneous detection of Fe and Th was carried out
introducing He in the collision/reaction cell at a flow rate of 4 mL
min-1 and KED = 5V (on-mass detection %Fe => %Fe and %*2Th
=> 232Th for Fe and Th, respectively). The transitions 5*Fe => >Fe,
57Fe => 5Fe were also monitored, but only the isotope *Fe was
used to determine the Th/Fe ratio. Operation conditions were
daily optimized using a tuning solution. Determination of the
Th/Fe molar ratios were carried out by resorting to external
calibration with standards of Th and Fe prepared from single
element ICP-MS standard solutions (SPEX CertiPrep, Inc.).
Solutions with constant Fe concentration (equal to that in the
samples) and increasing Th concentration were prepared in
HNO3 2%, resulting in a range Th/Fe from 0 to 3.4.

An analytical blank consisting of thorium carbonate in protein-free
MES was prepared in the same conditions. In the filtrate of this
sample 99% of initial Th was measured, showing that the filter
does not adsorb Th.

Ferritin-plutonium MD simulation

MD simulations were performed using AMBER 15 program
package® with ffa9SB force field applied on the protein. For Pu**,
12-6-4 LJ-type parameters developed by Merz et al. have been
employed®®. For carbonate ions, additional parameters have
been employed®. Protonation state of the protein was adjusted
to model pH 7.4. Na* ions were added to make the system
electrostatically neutral. TIP3P waters were then added with
minimum water layer thickness of 10 A. 500 steps of steepest
decent and 500 steps of conjugate gradient with 500 kcal mol™' A-
" harmonic restraint on the protein was initially conducted after
which 1000 steps of steepest decent and 1500 steps of
conjugate gradient were performed without constraints. 40 ps of
heating of the system from 0 to 298 K with 10 kcal mol' A
harmonic restraint on the protein, after which another 1 ns
preconditioning run was performed at 298 K without restraint on
the solutes. Finally, 150 ns MD run was performed in a periodic
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boundary condition in NPT ensemble at 298 K. Simulations were
terminated and restarted every 5ns to avoid artificial
convergence to a particular geometry. The SHAKE algorithm, a
2 fs time integration step, 12 A cutoff for non-bonded interactions,
and the particle mesh Ewald (PME) method were used. MD
trajectory was recorded at each 50 ps. Simulations were
performed with two different initial structures (simulations A and
B) for 150 ns MD simulation time. For both simulations, the
positions of 6 Pu atoms relative to that of the protein reached
equilibrium at around the middle of 150 ns simulation. Therefore,
the last 75 ns MD trajectory was used for statistical sampling to
ensure the equilibrated structures. RMSD of both simulations are
given in Figure S8 in Sl of the Electronic Supporting Information.

Th IR spectroscopy

ATR-FTIR spectra were recorded on a Bruker Tensor 27
instrument by using a nitrogen cooled mercury cadmium telluride
(MCT) detector. A six-reflection diamond crystal was used as the
refection unit.

Diluted Th(COs)s® stock solution, [Th] = 5.5x102 M, was
prepared. The thorium carbonate-ferritin complex was prepared
by mixing 25 pL of Th(COs3)s® stock with 200 uL of F in a buffered
solution: 5x102 M MES + 1.5.10" M NaCl; pH 7.4 £ 0.1. The
contact was made directly on a 30 kDa microcon® centrifugal
filter and stored at 4°C during 6 hours. A centrifugation step (12
000g; 6 minutes; 4°C) followed by rinsing with the buffer medium
was carried out. The sample was then recovered on the filter.
Final sample volume was 250uL and the complex F/Th ratio was
equal to 1/2890. 50 pL were placed in micro-volume cell directly
placed on the crystal.

Spectra were acquired with 4 cm™ resolution and 1024 scans
were averaged for each sample. The slit opening for the incident
beam was optimized at 3 mm.

Fe, Th and Pu XAS measurements

35uL of Pu(COs)s® stock solution, [Pu] = 2x10*M, was mixed to
250 pL of F in a buffered solution: 5x102M MES + 1.5x10" M
NaCl; pH 7.4 £ 0.1. The contact was made directly on a 30 kDa
microcon® centrifugal filter and stored at 4°C during 6 hours. A
centrifugation step (12 000g; 6 minutes; 4°C) followed by rinsing
with the buffer medium was carried out. The sample was then
recovered on the filter. Final sample volume is 250uL. The
complex F/Pu ratio is equal to 1/550.

254L of diluted Th(COs)s® stock solution, [Th] = 7.1x10° M, was
mixed with 250uL of F in a buffered solution: 5x102M MES +
1.5x10""M NaCl; pH 7.4 = 0.1. The contact was made directly on
a 30 kDa microcon® centrifugal filter and stored at 4°C during 6
hours. A centrifugation step (12 000g; 6 minutes; 4°C) followed
by rinsing with the buffer medium was carried out. The sample
was then recovered on the filter. Final sample volume is
250uL.The complex F/Th ratio is equal to 1/1973.

XAS experiments were carried out on the MARS beamline at the
SOLEIL synchrotron facility which is dedicated to the study of
radioactive materials. The optics of the beamline consisted of a
water-cooled double-crystal monochromator for incident energy
selection and horizontal focalization, and two large water-cooled
reflecting mirrors for high-energy rejection (harmonic part) and
vertical collimation and focalization. All the measurements were
recorded in double-layered solution cells (200uL) specifically
designed for radioactive samples at room temperature.
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XAS data were acquired at the Th L edge (16 300 eV), at the
Pu L edge (18 057 eV) and at the Fe K edge (7 112 eV) (0.5
eV/step for Fe XANES).

Data were processed by using the ATHENA code of Demeter
0.9.25 package.5®

EXAFS data were adjusted using phases and amplitudes
calculated with Feff7 code embedded in ARTEMIS code of
Demeter 0.9.25. The site of Pu3(B) obtained in the above MD B
calculations was used as a model. EXAFS signal was fitted in R
space between 1 and 6 A without any additional filtering after
Fourier transformation using a Hanning windows in k? (2.7 - 10.8
A"). In all the fits, only one global amplitude factor So? and one
energy threshold eo factor were considered for all the
contributions. The agreement factor R (in %) and quality factor
reduced %2 (Q) are both provided as an indication of the fit quality.
Simulation of the 6 Pu centers obtained from simulation B of MD
were performed with Feff9 code using an energy threshold of 8
eV.
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