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Polyoxidometalates (POMs), polyanion clusters formed by early
transition metals linked together by shared oxygen atoms, are
fascinating systems due to their variety in size and structure
which reflects an equal variety of applications spacing from
catalysis,"”> photo- and electrochemistry,>* nanomaterial
science,™® to protein crystallography,”® and medicinal
chemistry.”'® Among POMs, polyoxidovanadates (POVs) have
been extensively studied in the past decades owing to their
ability to act as insulin mimetics for diabetes treatment, ROS
scavengers for oxidative stress balancing,® antimicrobial
agents for neutralization of antibiotic-resistant bacterial
strains,"* potential therapeutics for neurodegenerative'**®
and metabolic diseases,'”?° and for cancer treatment."”

The mechanisms of action at the basis of their multiple bio-
logical roles are not well known and remain to be clarified.
However, it has been suggested that the main factor of POV
biological activities arises from their capability to establish
non-covalent interactions with biomolecules.?** Indeed,
because of their negative charge, POVs have a strong tendency
to bind to neutral or hydrophilic surfaces, becoming, in this
way, potential partners for DNA, peptides and proteins. Their
affinity for proteins can be exploited for different reasons. For
example, proteins could take part in POV transport through
the bloodstream, as well as their targeting, uptake, and
biospeciation.>**® Furthermore, functionalization of POVs
with proteins could be a useful tool to optimize and increase
their stability and biocompatibility,***®* enhancing their
potential as metallodrugs. In this scenario, as pointed out pre-
viously,>® a deep comprehension of the interaction occurring
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The interaction of [VVO(acac),], acac = acetylacetonato, with H-chain ferritin has been studied. After dis-
sociation and partial oxidation, [V"VO(acac),] forms a mixed-valence [V;5036(Cl)
valently binds with the protein nanocage. This polyoxidovanadate is formed at alkaline pH, showing that
proteins can favor the formation and stabilization of species hardly isolable in solution.

16~ ion, which non-co-

between POVs and proteins represents the first step for future
physiological and pathological applications and for a more
rational design of new potential drugs belonging to this family
of compounds.

Recently, in our extensive effort to study the interaction of V
compounds and proteins,**” we found that upon reaction of
the potential drug [V'VO(acac),], where acac is the monoanio-
nic acetylacetonato ligand (Fig. 1), with the model protein lyso-
zyme, under different experimental conditions, different POVs
can be formed, including mixed-valence cage-like structures
with fifteen ([V15036(H,0)°” and [V45033(H,0)]")***® and
twenty ([V20051(NO3)["™ and [V50054(H,0)")*** vanadium
atoms.

Ferritin is a highly conserved protein that plays a major role
in iron storage and metabolism.***° Mammalian ferritins are
composed of 24 subunits (H- or L-chains) that self-assemble to
form a spherical hollow nanocage.*® The inner cavity connects
to the external surface via two types of channels, the four-fold
hydrophobic channels (C4) and the three-fold hydrophilic
channels (C3).*"** Fe** ions cross these channels to be minera-
lized and stored within ferritin bulk in the form of hydrous
ferric oxide.**™** The spherical architecture and the internal
hollow cavity, coupled to lack of immunogenicity and high bio-
compatibility, make ferritin the perfect candidate for the deliv-
ery of different types of molecules.*® This possibility is strongly
empowered by the finding that cells can recognize and interna-
lize ferritin by specific receptors, such as TfR1 (transferrin

Fig. 1 Structure of [V"VO(acac),].
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receptor 1) which specifically binds H-chains.*” Given its
central role in cellular metabolism and its potential action as a
nanocarrier, the human H-chain ferritin (HuHf) represents an
ideal model for the study of the interaction of POVs with pro-
teins of physiological interest.

Thus, as [V'VO(acac),] reacts with proteins undergoing pro-
gressive and relatively rapid transformations (ligand loss and
oxidation from V'V to V¥) that lead to the formation of various
POVs,*>?%8 we decided to study its reaction with recombinant
HuHf{.

The aim of this work is to extend the results of the previous
studies with the model protein lysozyme and unveil the
binding of [V'VO(acac),] to a protein of physiological relevance.
Notably, the study provides a rather exhaustive description, at
the molecular level, of the interaction between HuHf and a
POV formed upon the transformation in an aqueous solution
of [V'VO(acac),] under the used experimental conditions.

HuHf crystals were grown in 2.0 M magnesium chloride
and 0.1 M bicine (pH 9.0) and incubated overnight (structure
A), for 24 h (structure B) and for 6 days (structure C) with a
reservoir solution saturated with [V™VO(acac),] (concentration
about 300 pM*®). X-ray diffraction data were collected on these
crystals at high resolution, i.e. at 1.38, 1.50 and 1.54 A resolu-
tion, respectively (Table S1 of the SI). The three structures were
refined with R-factor values within the range of 0.162-0.177
(Rfree 0.177-0.198) and their coordinates, together with their
structure factors, are deposited in the Protein Data Bank (PDB)
under the accession codes 8RGH, 9RGJ and 8RGI (Fig. 2 and
Fig. S1). The three structures are identical: the models contain
residues 4-176 of HuHf, 6 Mg>" ions, and a [V;5036(C1)]°” ion
(Fig. 2A-C). HuHf chains adopt the four-helix bundle structure
typical of the ferritin fold and can be superimposed to those
of metal-free HuHf with the Ca root mean square deviation
(rmsd) within the range of 0.41-0.53 A. 2Fo-Fc and anomalous
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difference electron density (e.d.) maps of the [V;5056(C1)]®” ion
are shown in Fig. 2C for the structure solved at the highest
resolution and in Fig. S2 for the other two structures. The POV
interacts with residues located on the protein surface estab-
lishing H-bonds and electrostatic interactions with residues
Thr5, Arg9, GIn10, Asn11, Tyr12, His13 and Gln14 and with
five water molecules. These residues are not involved in iron
recognition by the protein.*® Occupancy of the POV in the
three structures is within the range of 0.50-0.60; this suggests
that HuHf binds ca. 12-14 [V;5034(C1)]°” anions per cage.

[V15036]>~ was characterized for the first time by Muller
et al., who described it as “formed by linkage of fifteen tetra-
gonal VO5 pyramids” and “arranged on the surface of a sphere
at a distance of 3.43 + 10 pm”.*° The bottom of the pyramids
points to the center of the cluster, which is occupied by the so-
called guest anion,” a chloride ion in our case (Fig. 2C).
According to Muller et al,’® the {V;50;¢} cage is a mixed-
valence cluster where V¥ and V'V coexist in a ratio depending
on the average value of the bond valence sum (BVS) and of the
cage radius. If the BVS calculations are applied to our systems,
the anion bound to HuHf can be assigned to a VIVYY system
with a charge of —5 (Table S2). Indeed, the fifteen V atoms in
our structures A-C are arranged at the cage surface with radii
of 3.39 + 0.11 A, 3.37 + 0.17 A and 3.36 = 0.17 A from the
central chloride ion, and average BVS values of 4.44 + 0.25 A,
4.47 + 0.23 A and 4.49 + 0.23 A, respectively (Table S2), com-
pared with the average experimentally observed value of 3.45 +
0.01 A and the theoretical value of 4.47 A, respectively.”*>>
Notably, although decavanadate has been observed at pH 10
and is kinetically stable for months at 1 mM concentration,?
the formation of the {V;50;36} cage at alkaline pH is
unexpected,”>**?**! since under this condition the main
species should be the orthovanadates [H,V'O,]” and
[HVVO4]2_.54

C

Fig. 2 Cartoon representation of the HuHf nanocage (A) and of the HuHf chain (B) with [V15036(Cl)]®~ binding site in structure A. The interactions
of POV with the protein residues are reported in (C). 2Fo—Fc e.d. map is contoured at 1.0¢ level in light blue. Anomalous difference e.d. map is con-

toured at 3.00 level in yellow.
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To obtain further information on the interaction of [V"VO
(acac),]-derived species with HuHf, in-solution studies were
also carried out. Circular dichroism spectra of HuHf in the
presence of [V'VO(acac),] (saturated conditions) were collected
at 25 °C at four different incubation times (7, overnight,
after 24 h and 6 days), under the experimental conditions
used to obtain the crystals of HuHf treated with the vanadium
compound. As a negative control, a sample of V-free HuHf
was incubated under the same experimental conditions.
The spectral profile of V-free HuHf displays the features of
a protein with high alpha-helix content, with two broad
minima at 208 and 222 nm and a maximum at about 200 nm
(Fig. 3A). CD spectra of the samples incubated with [V'VO
(acac),] show a progressive reduction of the CD signal, which
is indicative of sample aggregation and/or precipitation.
These phenomena are compatible with the binding of
V-containing fragments on the external surface of the HuHf
cage: these fragments can act as cross-linkers and/or interact
with two or more different cages, driving aggregation and pre-
cipitation phenomena. This agrees well with the crystallo-
graphic observation of the interaction between the external
HuHf cage surface and POV.

Moreover, the behavior of the same HuHf samples was com-
pared to that of the protein in 20 mM Tris-HCl (pH 7.4)
through polyacrylamide non-denaturing gel electrophoresis
(Fig. 3B). These data are also compatible with crystallographic
results. Indeed, inspection of Fig. 3B indicates that, when
incubated in 2.0 M magnesium chloride and 0.1 M bicine (pH
9.0) in the absence (lane 2) and in the presence of vanadium at
time zero (lane 3), HuHf shows a migration that is slightly
lower than that observed for the HuHf samples incubated for
longer times in the presence of the vanadium complex (lanes
4, 5 and 6) and lower than that of HuHf in 20 mM Tris-HCI
(pH 7.4) (lane 1). The reduced migration of the V-free sample
at pH 9.0 when compared to the same sample at pH 7.4 could
be explained by considering the binding of Mg** ions on the
protein cage surface, which shields its negative charges when
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Fig. 3 (A) Far UV-CD spectra of 0.05 mg mL™! HuHf in 2.0 M mag-
nesium chloride and 0.1 M bicine buffer (pH 9.0) in the absence (black
line) and in the presence of [V'VO(acac),] (saturated condition) incubated
at time zero (Ty, blue line), overnight (red line), 1 d (green line) and 6 d
(purple line). (B) Non-denaturing gel electrophoresis of HuHf in 20 mM
Tris-HCl (pH 7.4) (lane 1) and HuHf incubated in 2.0 M magnesium
chloride and 0.1 M bicine buffer (pH 9.0) in the absence (lane 2) and in
the presence of [VVO(acac),] at T, (lane 3), overnight (lane 4), 1 d (lane
5) and 6 d (lane 6). Other experimental details are reported in the SI.
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compared to the Mg”*-free protein. Conversely, the different
migration of the samples in the absence (lane 2) and in the
presence of [V'VO(acac),] at time zero (lane 3) compared to the
samples incubated for longer times (lanes 4, 5 and 6) could be
attributed to the binding of POV species to the protein surface,
which in some way balances the positive charge of Mg>" ions,
increasing the protein sample migration towards the positive
pole. Finally, after 6 d of incubation, a reduction of the inten-
sity of the band (lane 6) was observed, in accordance with CD
data, confirming, once again, the occurrence of aggregation
and/or precipitation phenomena.

Molecular docking confirms the observed binding of
[V15036(C1)]*” to HuHf and allows generalization of the results.
Docking calculations were carried out using different models
for [V15056(C1)]®” and one single H-chain, both taken from
different crystal structures (see the SI for further details). In all
cases, the most populated pose is in excellent agreement with
that experimentally observed and shows the same network of
H-bonds (Fig. 4A and Table S3). This means that the revealed
binding site is the result of the interaction of [V;5034(C1)]°~
with only one single H-chain independently of the other
chains of HuHf. To validate this result, additional docking
simulations were carried out considering six HuHf chains,
whose assembly well represents the full protein structure due
to its inherent symmetry. The results of this analysis indicate
that two possible [V;5034(C1)]°” binding sites (indicated with I,
the experimental one, and II in Table S4) can be identified on
the HuHf structure with the most populated site that corres-
ponds to that experimentally observed (Fig. S3). These data
confirm that the stabilization of [V;5036(C1)]°” is determined
by the interaction with one HuHf chain and that the protein-
protein interactions — used to explain the formation of other
V-protein adducts®? - are not relevant for the POV recognition
by ferritin.

In conclusion, in this study we have investigated the inter-
action of the potential drug [V'VO(acac),] with human H-chain
ferritin. This is the first structure of a V compound with
human ferritin. Data indicate that [V'VO(acac),] transforms in

i [V15036(CD]°

Fig. 4 Cartoon representation of site | (the experimental one) obtained
by docking simulations of [V15036(C1)I®~ to HuHf (both from the crystal
structure here reported, PDB code 9RGHS1). (A) Docking to single
H-chain and (B and C) docking to the HuHf six-chain assembly. For
comparison, the experimental position of [V15036(CI®~, taken from its
crystallographic coordinates, is reported in green and as transparent.
Dashed lines indicate H-bonds.

This journal is © the Partner Organisations 2025
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the presence of HuHf, similarly to when this V compound
reacts with lysozyme under different experimental
conditions.’>?® The V center loses the acac ligands and in part
oxidizes to V'. While with lysozyme {V;5033}, {V,0Os:} and
{V,00s4} cages are also obtained,*>***® a spherical
[VYVIVO;6(C)]° ion is formed, which has several biological
actions, for example, cytotoxic activity due to oxidative stress
and lipid peroxidation,®® and chemoprotective effect against
DNA plasmid pUC19 alkylating agents diethyl sulphate and
dimethyl sulphate.""*® [V;5036(C1)]°" interacts with the HuHf
outer cage surface via hydrogen bonds and electrostatic inter-
actions. These findings confirm previous data indicating that
mixed-valence POVs can be formed starting from V'V com-
pounds in the presence of proteins and that the spherical
[V15036(C1)]®” ion can interact with proteins via non-covalent
interactions.’” More importantly, these new data show that (i)
mixed valence POVs can be formed and remain stable even at
basic pHj; (i) [V15036(C1)]°” ion can be formed in the presence
of a physiologically relevant protein; and (iii) [V;15036(C1)]°”
can be synthesized at room temperature. In this respect, it is
useful to recall that to synthesize [V;5034(C1)]°", high tempera-
tures, ca. 70 °C, and reflux are necessary.' >

Overall, these findings suggest that POVs could be in prin-
ciple transported in body fluids by ferritin. Furthermore, consid-
ering the role of ferritin in iron metabolism, this protein could
be exploited as a carrier for POVs with potential biological pro-
perties. To this, it should be added that POVs can exist in solu-
tion when they are administered in such a form or when they
are formed after the transformation of mononuclear V*V or vV
compounds and stabilization by interaction with proteins.
Therefore, the possibility that the formation of POV-protein
adducts may be more important than believed to date and play
significant biological roles should not be underestimated.
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