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Abstract 

In this study the experimental data collected over the last fifteen years on the interaction of 

decavanadate(V) (V10O28
6–; V10), a polyoxometalate (POM) with promising anticancer and 

antibacterial action, with G-actin, were rationalized using several computational approaches 

(docking, density functional theory (DFT) and molecular dynamics (MD)). Moreover, a comparison 

with the isostructural and more stable decaniobate(V) (Nb10O28
6–; Nb10) was carried out. Four 

binding sites were identified, named α, β, γ and δ, being located the site α in the catalytic cleft of 

the enzyme at the interface of the subdomains II and IV. It was observed that the site α is preferred 

by V10, whereas Nb10 is more stable at the site β; this indicates that, differently from other 

proteins, G-actin contemporaneously binds the two POMs, whose action is synergistic. Both 

decavanadate and decaniobate induce conformational rearrangements in G-actin, larger for V10 than 

Nb10. Moreover, the binding mode of oxidovanadium(IV) ion, VIVO2+, formed upon the reduction 

of decavanadate(V) by the –SH groups of accessible cysteine residues, is also found in the catalytic 

site α with (His161, Asp154) coordination; this adduct overlaps significantly with the region where 

ATP is bound, accounting for the competition between V10 and its reduction product VIVO2+ with 

ATP, as previously observed by EPR spectroscopy. Finally, the competition with ATP was 

rationalized: since V10most stable binding site is α, Ca2+-ATP prevents the V10 interaction with G-

actin, while the competition is less important for Nb10 once for this POM β is the primary 

site. A relevant consequence of this paper is that other metallodrug–protein systems, in the absence 

or presence of eventual inhibitors and/or competition with molecules of the organism, could be 

studied with the same approach, suggesting important elements for an explanation of the biological 

data and a rational drug design.  
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Introduction 

After the discovery of cisplatin, inorganic medicinal chemistry is a field of extensive research. 

Potential antitumor drugs based on Pt, Ru, and Cu, antimicrobial and antiparasitic agents based on 

Sb, Ag, As, and Fe, antiarthritis on Au, antiulcers on Bi, and antivirals based on Co and Hg were 

proposed. In addition, diagnostic metallodrugs of Gd, Tc and In were also developed.1, 2 Similarly, 

vanadium compounds have long been studied as potential antidiabetic drugs and, more recently, as 

anticancer, antiparasitic, antiviral, antiHIV and antituberculosis agents.3  

Interaction with proteins plays a crucial role in the transport and activity of metallodrugs in the 

organism, both for their high affinity toward the metals or high concentration in the bloodstream 

and cellular environment. Unfortunately, in most of cases, the experimental data cannot be 

rationalized through a description at molecular level of this interaction.4 Instrumental methods often 

give only information on the biological effects of a metallodrug after the binding with a target 

protein, but present severe limitations in order to unveil the type of interaction and the binding 

modes and sites, or to ascertain the competition between the metallospecies and other biomolecules 

of the organism. 

Decavanadate (V10O28
6–, V10) and decaniobate (Nb10O28

6–, Nb10) are members of a large family of 

polyanionic clusters formed by group V and VI metals that are known as polyoxometalates (POMs). 

POMs have been found to have a wide range of biological activities such as antidiabetic, 

antibacterial, antiprotozoal, antiviral and anticancer, which have sparked interest in their use as bio-

inorganic drugs.5 Recently, it has been demonstrated that POMs function as indirect activators of a 

G protein-coupled receptor.6 Moreover, POMs have also seen applications in other fields of 

research such as aerobic oxidation of starch, smart glasses, solar-driven photocatalysis, protein 

crystallography and synthesis of metal-organic frameworks (MOFs);7 for example, Nb10 can be 

used as building block to prepare 1D, 2D, and 3D frameworks.8 

Based on an analysis of the antibacterial activity and POM structures, putative mode of actions 

toward potential targets were suggested and a structure-activity relationship was determined for a 
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series of POMs against Helicobacter pylori and Streptococcus pneumoniae.5e The activity of POMs 

are found to be bacteria-dependent: for Streptococcus pneumoniae the most active POMs were 

polyoxovanadates (POVs), especially V10, while for Helicobacter pylori the most of POMs are 

effective.5e  

The group of Aureliano extensively studied the influence of POMs, especially POVs and 

polyoxotungstates (POTs), on diverse biochemical mechanisms.9 In many cases, these POM-

associated biological activities are the result of POM–protein/enzyme interactions, which are 

mainly of electrostatic nature as evidenced by crystallographic studies showing that the negatively 

charged metal clusters are generally found within or at positively charged regions of proteins.10 

However, also covalent interactions between biomacromolecules and POMs are possible.10-11 In this 

scenario, the inhibition of certain enzymes by POMs can trigger the impairment of vital cell 

functions.10-11  

Among the possible cellular targets for POMs, actins are worth of being considered. Actins are 

found in all life kingdoms and are responsible for many biologically essential processes, such as 

muscle contraction, cell adhesion, division and migration, thus assigning them important roles in 

health and diseases.12 Globular actin (G-actin; 42 kDa), the actin monomer, is one of the most 

abundant proteins in cells, being involved in numerous cellular processes. Previously, it was shown 

that V10–G-actin interaction affects the protein structure and dynamics, and also influences its 

transformation to filamentous F-actin (which is the polymerized form of actin).11 Combining our 

experience regarding V10–G-actin interactions,11, 13, 14, 15 and our expertizes in computational 

characterization of metallospecies–protein interactions,16 we further pursue the interaction between 

decavanadate and G-actin to deduce potential targets and provide possible modes of the biological 

activity of POMs.  

Despite V10 and Nb10 are isoelectronic and isostructural isopolyoxoanions, V10 is redox active and 

labile in aqueous solution, while Nb10 is kinetically inert and redox stable.17 Although there has 

been growing interest in niobium chemistry in the last decade, research on decaniobate and its 
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interplay with biomolecules and/or biological effects is still scarce.9h, 18, 19 In the systems with Ca2+-

ATPase, Nb10 prevents the binding of V10, suggesting the same target(s) in the protein structure;18 

moreover, both of them cause comparable conformational changes.9h, 19 In addition, Nb10 constitutes 

an excellent model to explore the interplay between its V10 analogue and biologically vital proteins 

such as actin.  

Even though some studies were carried out on the systems containing POMs and actin, up to now 

the detailed knowledge of the molecular basis of V10–G-actin interactions and the possible 

involvement in protein polymerization are lacking. In fact, the exact mechanism of action of POMs 

is still elusive and thus also the POM’s target enzymes, which are responsible for the observed 

biological effects. Molecular modelling could represent a valid tool to fill this gap and help to 

understand cellular processes providing valuable clues for the rational design of new metal-

substituted POMs with specific interaction properties, pushing forward the comprehension of the 

molecular events governing POMs–protein binding. Even though the computational techniques have 

been largely applied to study the chemistry of POMs,20 only few examples of molecular modelling 

application to POM–protein interaction have been published so far.21 

Based on these premises described above, in this paper we tried to rationalize – using several 

computational approaches – the experimental data on the V10–G-actin systems, collected over the 

last years in the literature, and compare the findings with the isostructural Nb10. In particular, the 

aims of the present study are: i) to attain an understanding, at molecular level, of the interaction of 

V10 and Nb10 with G-actin starting from the available results already obtained by several 

spectroscopic techniques;11, 13-15 ii) to fully characterize the binding sites of G-actin for V10 and 

Nb10, determine the number and type of neighbor atoms around POMs and evaluate their 

stabilization through secondary interactions; iii) to compare the behavior of V10 and Nb10; iv) to 

predict the binding site(s) of the reduction product of V10, the oxidovanadium(IV) ion, VIVO2+; v) to 

study the V10/Nb10–G-actin system in the presence of ATP to obtain a more accurate description of 

the mechanisms involved and possible competition/inhibition effects. 
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Computational Section 

DFT calculations. V10O28
6– and Nb10O28

6– geometry and harmonic frequencies were computed 

through Gaussian 09 (revision D.01)22 using the B3LYP functional including Grimme’s empirical 

correction for dispersion.23 V and Nb atoms were described using the scalar-relativistic 

Stuttgart−Dresden SDD double-ζ basis set complemented with f polarization functions and its 

associated pseudopotential.24 The 6-31g(d,p) basis set was used for the oxygen atoms. The 

structures of POMs were optimized in water described by the SMD continuum model.25 Point 

charges of the complete POMs were derived using the RESP26 (Restrained ElectroStatic Potential) 

model. DFT level of theory and RESP model to assign the atomic charges were selected following 

the protocol proposed to derive AMBER and TIP3P force fields for Molecular Dynamics (MD).27  

The refinement of the oxidovanadium(IV) adducts at the nucleotide site (site α), found by 

dockings, was performed cutting out the region with the VIVO2+ ion, modeled as 

[VIVO(H2O)4]2+, and neighbor interacting amino acid side chains and freezing the backbone 

atoms as reported by Siegbahn and Himo.28 The geometry relaxation and E calculations 

were performed using the doublet state in unrestricted simulations at B3P86/6-311++g(d,p) 

level of theory and describing water within the framework of SMD model25 that gave 

excellent results for other VIV–protein systems.16f, 16g, 29 For the geometry optimization of 

VIV complexes, it was shown in the literature that B3P86 works better than other functionals 

like B3LYP.30 Frequency calculations were computed to ensure that the structures were a 

minimum in the potential energy surface.  

The prediction of the 51V hyperfine coupling tensor A was performed on the optimized 

structures with Gaussian 0922 using BHandHLYP functional and 6-311+g(d) basis set.31 The 

spin contamination was negligible and the eigenvalue of the spin operator ⟨S2⟩ was 0.76 for 
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all the calculations, very close to the exact value of 0.75. This is in agreement with results 

obtained for hybrid functionals.32 The theory background can be found in refs. 32b, 33.  

Molecular Dynamics. The model of apo monomeric actin, G-actin, were built removing Ca2+-

ATP ligand and adding non-characterized regions 39-51 and 1-5 with Modeller34 on the unique 

native X-ray structure of mononuclear G-actin (PDB: 3hbt 35). In the case of ATP bound 

simulations and competition studies, the Ca2+-ATP present in the X-ray structure has been retained. 

Molecular Dynamics simulations were set up with Xleap,36 which was instructed to solvate the 

protein with a cubic box of pre-equilibrated TIP3P water molecules and balance the total charge 

with Na+ ions (ions94.lib library). The AMBER14SB force field37 was used for the protein, while 

V- and Nb-bonding force constants and equilibrium parameters were obtained through the 

Seminario method, using the MCPB.py.38 Ca2+-ATP parameters from Meagher et al.39 and 

Bradbrook et al.40 have been used.  

During MDs, solvent and the whole system were sequentially submitted to 3000 energy 

minimization steps. Then, thermalization of water molecules and side chains was achieved by 

increasing the temperature from 100 K up to 300 K. MDs under periodic boundary conditions were 

carried out during 100 ns with OpenMM engine41 through OMMProtocol.42  

Analysis of the trajectories was carried out by means of cpptraj implemented in ambertools16.36 

The MD trajectory was considered converged when a stable exploration of the conformational 

space was achieved; in particular, a stable conformation or a pool of relative stable conformations 

visited for a statistically consistent number of times were considered as convergence indicators.43 

Considering the alpha carbons of the G-actin backbone, root mean square deviation (RMSD) from 

the minimized structure, all-to-all frames RMSD44 and cluster counting45 analysis were performed. 

Moreover, to ensure that dynamic transitions occur between different conformations, a principal 

component analysis (PCA) was carried out plotting the two principal modes relative to each other.44 

The quality threshold (QT) clustering algorithm was used to generate representative clusters taking 
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the RMSD between frames as distance metric.46 The representative structure of the most populated 

cluster was used in the further structural analysis. 

Docking calculations. Docking calculations to the G-actin were carried out through GOLD 5.8 

software47 on the most sampled structure coming from MD trajectories. The proteins were docked 

with V10 and Nb10 optimized structures considering the whole rigid protein.  

Dockings of VIVO2+ moiety were carried out through GOLD 5.847 on the regions selected 

in the preliminary analysis by BioMetAll,48 instructed to find latent binding motifs with a 

minimum of two coordinating residues considering His, Asp and Glu as potential donors. G-

actin was docked with VIVO2+, VIVO(H2O)2+, and VIVO(H2O)2
2+ moieties, obtained from the 

optimization of the oxidovanadium(IV) aquaion, [VIVO(H2O)4]
2+. The equatorial positions 

were activated replacing the equatorial water(s) with dummy hydrogen atoms according to 

what was recently established.16a-c, 16e-h All dockings were computed considering both the 

protonation states at  and  nitrogens of His imidazole ring. Genetic algorithm (GA) 

parameters have been set to perform a minimum of 100000 operations during 50 GA runs for 

coordination dockings, and 100 GA runs for classic dockings. The other parameters of GA were set 

to default. The scoring (Fitness of GoldScore, F) was evaluated applying the modified versions of 

GoldScore scoring function, which was validated in previous published papers.16a, 16c-e The best 

solutions (binding poses) were evaluated through three main criteria: i) the mean (Fmean) and the 

highest value (Fmax) of the scoring associated with each pose; ii) the population of the cluster 

containing the best pose; iii) the position in the Fitness ranking of the computed cluster.  

The POMs docking solutions were refined sending for each best proposal a 200 ns of Molecular 

Dynamics and ΔGbind quantified by molecular mechanics-generalized Born surface area (MM-

GBSA) including quasi-harmonic correction for entropy.49 Average values have been obtained from 

100 homogeneously distributed frames of the whole MD trajectories. The following parameters 

were used: igb = 5, saltcon = 0.100. 
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Results and discussion 

(1) Determination of the binding sites. Experimental data reported so far pointed out that 

decavanadate anion (V10) interacts strongly with G-actin.11, 13-14, 50 However, up to now, even if the 

biological effects are clear, the binding site(s) were not determined and this datum is lacking in the 

literature. Nevertheless, this information could be important and besides related to the subsequent 

reduction process to oxidovanadium(IV) cation, VIVO2+,13 very useful to gain insight for the 

rational design of new metal-substituted POMs (i.e. with two or more metals in their 

structure) with specific interaction with proteins. 

To throw light on the unknown aspects, in the first step a blind docking screening was carried out 

on the equilibrated apo structure of G-actin, searching for putative binding sites for V10 and Nb10. 

The results of this rigid docking essay suggest the presence of four potential binding sites, each of 

them involving at least two positive residues of Lys or Arg: site α is located in the catalytic cleft of 

the enzyme at the interface of subdomains II and IV; site β at the interface of subdomains I and II; 

site γ at the surface of subdomain III; and site δ at the C-terminus in the small cleft between 

subdomains I and III (Figure 1a). After this preliminary stage, further docking calculations on the 

identified regions were performed considering the flexibility of the side-chains: similar results for 

both POMs were obtained with scoring (Fmax) ranging from 24.8 up to 36.4 Gold Score Fitness 

units. For the site α, the pose (solution) with the best scoring is stabilized by hydrogen bonds 

(Hbonds) with Arg207, Arg211, Arg62, Thr204, Gln59 and Tyr69 residues. The site β, with similar 

scoring, presents Hbond with Lys68, Arg37, Lys50 and Lys84. The sites γ and δ show lower 

scorings and Hbonds with Arg147, Lys329, Thr148 and Asn297 or Arg113, Lys374 and Tyr170, 

respectively (Figure 1a). Comparison of the DFT optimized structure of V10 and Nb10 is shown in 

Figure 1b; Nb10 displays slightly wider volume and surface area than its vanadium homologue V10 

and, moreover, accumulates more surface negative charge (Figure S1 of the Supporting 

Information). However, since only slight differences in the behavior of V10 and Nb10 are observed, 
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because of the similarity between the two structures, dockings can be useful at most for defining the 

possible binding regions but do not allow for ascertaining their relative affinities toward the four 

sites. To move beyond docking and obtain reliable values for ΔGbind for the two POMs, MDs were 

performed and residence time analysis and MM-GBSA calculations carried out.  

 

 

 

Figure 1. a) The four binding sites found by docking for V10 and Nb10 in the structure of G-actin. 

The positively charged side-chains of Arg and Lys, which interact with POMs in each site, are 

depicted as blue balls. Subdomains (I to IV) of G-actin are shown with different colours (orange, 

blue, purple and green). b) Comparison of the DFT optimized structure of V10 and Nb10. Volume (V 

in Å3) and surface area (A in Å2) were computed considering van der Waals (vdW) radii. V is 

shown in grey, Nb in mint and O in red.  

 

 

(2) Conformational changes induced by V10 and Nb10 and relative stability of the binding 

sites. It was previously described in 2009 that the experimental exchange rate and apparent 



11 

dissociation constant for ATP, measured from fluorescence decrease (Figure S2 of the Supporting 

Information), indicated that V10 binding induce an opening of the G-actin cleft.13 Subsequently, in 

2011, the 1H NMR spectra of G-actin treated with V10 suggested that this latter causes major 

alterations in the protein structure (Figure S3 of the Supporting Information);50, 51 whereas in 

contrast, no significant changes in the 51V NMR signals were observed for other vanadates, such as 

monomeric (H2VVO4
–/HVVO4

2–; V1) and tetrameric species (V4O12
4–; V4).13 More recently, EXAFS 

and XANES experiments established that the interaction of V10–G-actin triggers a protein 

conformational reorientation that causes an oxidation of Cys residues and formation of VIVO2+ 

cation (Figure 2).15  

 

 

 

Figure 2. EXAFS profile of the systems containing V10 (in black), V10–G-actine (in brown) and 

V10–G-actin–ATP (in purple). Adapted from ref. 15. 

 

 

The change of actin conformation was further confirmed by circular dichroism (CD) 

spectroscopy.52 Upon addition of V10 to G-actin, the melting points determined from the CD 
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melting curves were observed at lower values compared with the system with ATP, respectively 

Tm1 31.7 vs. 48.9 °C and Tm2 51.7 vs. 64.3 ºC. The decrease (in the range 12.6-17.2 ºC) in the 

protein melting temperature could probably be due to actin conformational changes and/or partial 

protein unfolding induced by V10.52  

To assess the stability of the oxidovanadium(IV) adducts and the effect of the two POMs on the 

protein folding, subsequent MD simulations were carried out starting from V10 and Nb10 bound to 

each of the four possible sites and compared with the unbound state of G-actin. Concerning the site 

α, adducts are highly stable both for V10 and Nb10 during the whole explored trajectory (200 ns) and 

the folding of the protein is generally retained. It must be noted that a slight opening of the 

nucleotide binding site is observed after the interaction with V10 and Nb10. Subdomain IV moves 

from subdomain II to accommodate the POMs. This movement can be described with the angle φ, 

defined as C(α)Lys67-C(α)Val339-C(α)Thr203, that varies from 28.6° (apo form) to 30.5° (Nb10–G-actin) 

and 35.6° (V10–G-actin) (Figure 3a). These evidences highly match with what is observed in this 

study by MDs simulations upon V10 binding to the site α. The Hbond interactions observed by 

docking are almost retained along the whole simulation time. The differences are as follows: for V10 

the interaction with Thr203 is replaced by Arg184, while for Nb10 that with Tyr69 is lost and the 

moiety slightly moves outside the cleft toward the subdomain II where Nb10 is rotated ~90° 

compared to V10 on its principal axes (Figure 3b and 3c). 
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Figure 3. Molecular Dynamics (MD) most sampled structures showing: a) the cleft opening upon 

the POMs binding (apo G-actin, V10–G-actin, Nb10–G-actin are shown in green, orange and blue, 

respectively); b) binding mode of V10 at the site α; c) binding mode of Nb10 at the site α. Hbond 

donors are explicitly depicted.  

 

 

At the site β, both POMs form stable adducts during 200 ns of simulation. The Hbond interactions 

found by docking are generally retained with the addition in several frames of Lys50 coming from 

the flexible 39-51 loop (Figure 4a and 4b). The general G-actin folding is also maintained. The site 

γ shows differences between the two moieties: while the V10 leaves the surface of subdomain III at 

75 ns and after 170 ns moves to the site β where it is stabilized, Nb10 forms a stable adduct during 

the whole trajectory. The Hbond network highlighted by docking is retained with the replacement 

of Thr148 with the positive side-chain of Lys327 (Figure 4c). Finally, the site δ at the C-terminus is 

unstable for both the POMs. V10 at 40 ns moves away and, after 123 ns, it forms again a stable 

adduct at the site α. Nb10, due to its higher volume, shows a faster unbinding process and, in the 

first steps of the simulation, leaves C-terminus to accommodate at the site γ, where it is stable along 

the entire trajectory.  

From the energetic point of view the stable adducts formed by the two POMs at the binding 

regions of G-actin, behave differently. While V10 shows the best affinity for the site α (ΔGbind for 
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the site α is lower than ca. 23 kcal mol–1 than the site β), the Nb10 affinity order is different: the site 

β is more stable than the site α of 2.0 kcal·mol-1 and than the site γ of 17.2 kcal·mol-1 (Table 1). 

Even if the value of 2 kcal mol–1 is close to the uncertainty for a DFT prediction, from these data it 

emerges clearly the different affinity order of V10 and Nb10 for the two sites. Moreover, these results 

are in good agreement with the previous studies which suggested that V10 binds to proteins whose 

natural ligands are nucleotides, such as ribonucleases and myosin.53 

 

 

Table 1. MD residence time of V10 and Nb10 at the identified sites (α, β, γ and δ) and binding 

effects on the G-actin folding. 

Site Subdomain(s) V10 (t, ns) Δ(ΔGbind)a Nb10 (t, ns) Δ(ΔGbind)a Fold 

α I/IV Stable, 200 0.0 Stable, 200 2.0 φ variation b 

β II Stable, 200 22.9 Stable, 200 0.0 Retained 

γ III Unstable, < 75 – Stable, 200 17.2 Retained 

δ I/III Unstable, < 40 – Unstable, < 5 – − 

a MM-GBSA relative values including quasi-harmonic entropic correction computed on 100 

homogeneously distributed frames of the whole MD trajectories (values in kcal·mol–1). b φ = 28.6° 

(apo form), φ = 30.5° (adduct with Nb10) and φ = 35.6° (adduct with V10). 

 

 

These results can rationalize the kinetic measurements of V10 decomposition as a function of G-

actin concentration, monitored by UV/Vis spectroscopy.11 In fact, G-actin causes marked effects in 

stability of V10, increasing its half-life from 5 h in solution up to 27 h (Figure S4 of the Supporting 

Information); this demonstrates a clear protection effect exerted by G-actin toward V10. The best 

binding site proposed by simulations, site α, shows characteristics compatible with a protective 

environment being buried into the catalytic cleft of the proteins, and able to form a Hbond network, 
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beside electrostatic interactions, strong enough to stabilize V10 into the pocket preventing its 

exposition to the solvent.  

 

 

Figure 4. Molecular Dynamics (MD) most sampled structures showing: a) the binding mode of V10 

at the site β; b) the binding mode of Nb10 at the site β; c) the binding mode of Nb10 at the site γ. H 

bond donors are explicitly depicted. 

 

 

(3) Reduction of V10 to VIV and binding sites of VIVO2+ ion. After the incubation of V10 with G-

actin, a rigid-limit EPR spectrum is revealed with eight resonances in the parallel region and eighth 

in the perpendicular one (trace b of Figure 5).13-14 This indicates a reduction process of VV (3d0, 

EPR-silent) to VIVO (3d1, EPR-active), probably through the reaction of decavanadate(V) with the 

accessible –SH groups of cysteine residues. The most plausible candidates involved in the redox 

reaction are Cys272 and Cys374.54 The spin Hamiltonian parameters for the adduct formed upon 

the binding of VIVO2+ to G-actin are gz = 1.940 and Az = 177.1 × 10–4 cm–1;14 these values would 

indicate weak donors or – in agreement to the reinterpretation of the "additivity relationship", the 

empirical rule verified for a lot of VIVO complexes which allows to determine the 51V hyperfine 

coupling constant along the z axis, |Az|estmtd, from the sum of the equatorial donor contributions 

within ca. 3 × 10–4 cm–1 from the experimental value 55, 56 – coordination of His residues with the 
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aromatic plane perpendicular to the VIV=O bond.55 At the moment, the binding site and the residues 

interacting with VIVO2+ ion are not known; however, the effect of the addition of an excess of ATP 

(Figure 5c) suggests that the site could be the same as that of the nucleotide.  

 

 

Figure 5. X-band EPR spectra recorded on frozen aqueous solution containing: a) 2.5 mM V10 in 2 

mM Tris, 0.2 mM CaCl2, 0.2 mM ATP (pH 7.5); b) 2.5 mM V10 in 2 mM Tris, 0.2 mM CaCl2, plus 

100 μM G-actin (pH 7.5); c) 2.5 mM V10 in 2 mM Tris, 0.2 mM CaCl2, plus 50 μM G-actin and 0.2 

mM of ATP to prevent oxidovanadium(IV) formation (pH 7.5). Adapted from refs. 13 and 14. 

 

 

In this study, computational methods have been applied to determine the latent VIVO2+ binding 

site into the nucleotide binding region. The catalytic pocket was first probed for zones displaying at 

least two donors-containing residues with a sufficient backbone preorganization to bind VIVO2+.48, 

29a A docking assay was carried out and two couples emerged as potential candidate sites, (His161; 

His73) and (His161; Asp154), both of them displaying the ability to coordinate VIVO2+ in a square 

pyramidal arrangement (Table 2).  
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Table 2. Full DFT refined structures (from the docking proposals), estimated (estmtd) and DFT 

calculated (calcd) |Az| values and electronic binding energies for the binding of VIVO2+ ion to the 

nucleotide site α of G-actin. 

Donors Distancesa Fmax
b Fmean

c Pop. %d ΔEbind
e |Az|estmtd e |Az|calcd f 

(NH161, COO–
D154); OW; OW

g 2.100, 1.964h 34.1 31.8 60 -28.4 178.4i 178.6i 

(NH73, NH161); OW; OW
j 2.128, 2.101k 45.4 39.5 64 -13.2 173.4i 169.4i 

a Distance in Å. b GoldScore Fitness value obtained for the more stable pose of each 

cluster. c Average value of GoldScore Fitness for each cluster. d Percentage computed 

considering the total of the solutions reported (numbers of solutions per cluster). e ΔEbind in 

kcal·mol–1. e |Az| estimated (estmtd.) with the “additivity relationship” in 10–4 cm–1 units. f 

|Az| calculated (calcd.) with DFT methods in 10–4 cm–1 units. g H2O molecules cis to each 

other. h V–NH161 and V–OD154 distances, respectively. i The experimental value of |Az| is 

177.1 × 10–4 cm–1. j H2O molecules trans to each other. k V–NH73 and V–NH161 distances, 

respectively. 

 

 

The binding mode with two His, (His 73, His 161); OW; OW, is characterized by the trans 

arrangement of the two H2O molecules and by an additional Hbond stabilization between the oxido 

ligand and Arg177 (Figure 6a). The mode, in which His161 and Asp154 are bound to VIVO2+, 

displays a cis arrangement of the two aqua ligands with the aromatic ring of the His perpendicular 

to the V=O (, the calculated dihedral angle O=VIV–N–C – where C is the carbon atom bridging the 

two nitrogens – is 72.1°; Figure 6b). It results located deeper inside the nucleotide binding site α 

and overlaps significantly with the region with ATP (Figure 6c), making it a potential candidate to 

rationalize the V10/ATP competition observed by EPR. In fact, as reported by Ramos et al., and 

described in Figure 5, the addition of ATP to a solution containing V10 and G-actin prevents the 

stabilization of paramagnetic VIVO2+, the product of the reduction of V10.13, 14 
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Figure 6. Full DFT optimized structures of the two docking proposals for the binding of VIVO2+ 

moiety to the nucleotide binding site α of G-actin: a) the binding mode with (His73, His161); b) the 

binding mode with (His161, Asp154) and c) surface volume of ATP in its native site superimposed 

with the favored VIVO2+ binding. 

 

 

The predicted structures were refined at full DFT level following the cluster method proposed by 

Siegbahn and Himo,28 and QM binding energy were computed; finally, EPR spin Hamiltonian 

parameters were calculated for the predicted sites. From an energetic point of view, both sites show 

negative ΔEbinding values, but that with (His161, Asp154) is favored by more than 15 kcal∙mol–1. Its 

Azcalcd (178.6 × 10–4 cm–1) matches well the experimental value of 177.1 × 10–4 cm–1 measured by 

Ramos et al.14 Moreover, Az, estimated with the "additivity relationship" 55, 56, is 178.4 × 10–4 

cm–1, closer to the experimental one than that expected for (His 73, His161) mode; the contributions 

of 45.1 × 10–4 cm–1 for His-N (derived from the equation 42.72 + 2.96 × sin[2–90],55  being the 

calculated dihedral angle O=VIV–N–C where C is the carbon atom bridging the two nitrogens), 42.1 

× 10–4 cm–1 for Asp-COO– and 45.6 × 10–4 cm–1 for water-O were used to determine Azestmtd.55, 56, 57 

These findings fortify the hypothesis that the binding mode (His161, Asp73), in the internal 

region of the site α, is the best candidate to explain the experimental EPR data collected so far. In 



19 

fact, the simultaneous binding of VIVO2+ and Ca2+-ATP results hindered for the steric clashes and 

electrostatic repulsion into the enzymatic cleft (Figure 6c). 

 

 

(4) Competition between V10 and ATP or Nb10 for the binding sites. Some years ago 

Aureliano et al. showed that, while G-actin increases the stability of V10 in solution, the addition of 

ATP to the medium has the opposite effect decreasing its half-life from 27 to 10 h (Figure S4 of the 

Supporting Information).11 This insight suggested, for the first time, that V10 and ATP could 

compete for the same binding site, being ATP more affine to its natural site and able to partially 

displace V10 to a less protective and exposed binding region.  

The possible competition between V10 with ATP for the nucleotide site was further evidenced in 

2009, by EPR and 51V NMR spectroscopy.13 The EPR spectra recorded on frozen aqueous solution 

containing increasing ATP/V10 ratios in the presence and absence of G-actin indicated that V10 

induces actin cysteine oxidation and formation of paramagnetic oxidovanadium(IV) ion and both 

the processes are prevented by the addition of ATP in solution (trace c of Figure 5). 51V NMR 

spectra recorded at room temperature on the same systems confirmed this finding and showed that it 

is necessary to increase the ATP concentration up to 5 mM to broaden the V10 signal.13 Moreover, 

the major alterations in protein structure suggested by 1H NMR spectra of G-actin treated with V10 

(Figure S3 of the Supporting Information), which are not or hardly visible in the system with ATP, 

confirmed the competition between nucleotide and decavanadate in the critical binding site.50 

CD spectra show that G-actin is less stable in the absence (melting point, Tm, of 44.8 ºC) than in 

the presence of ATP (Tm1 48.9 and Tm2 64.3 ºC, vide supra), whose interaction results in two 

melting points which were extracted from recorded melting curves. Finally, recent EXAFS and 

XANES experiments established that the interaction of V10 with G-actin triggers a protein 

conformational reorientation that causes an oxidation of Cys residues and formation of VIVO2+. The 
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variations induced in V10’s EXAFS profile in the presence of ATP suggest that the nucleotide and 

V10 compete for the same binding site (see the EXAFS profile in Figure 2).15 

In order to deduce if the native actin substrate (ATP) interferes with V10 binding and to 

rationalize the experimental evidences (vide supra), additional MD simulations were carried out. 

ATP is found at the enzymatic cleft of G-actin in correspondence of the site α and, in principle, 

could compete with V10 for this region. From a first MD of 200 ns, the binding of Ca2+-ATP to the 

site α is highly stable along the whole trajectory. The ΔGbind of Ca2+-ATP to its biological site α is 

the lowest of the series and is more favorable by14.1 kcal·mol–1 than V10.  

It must be highlighted that the catalytic cleft is more closed than the apo or POMs loaded forms 

with an angle φ of 22.0° (cfr. with the data in Table 1). This observation is coherent with 1H NMR 

spectra of G-actin recorded in the presence and absence of V10. Major alteration patterns 

attributable to a protein conformational change are negligible upon addition of ATP (Figure S3 of 

the Supporting Information).51 Therefore, ATP could displace V10 from the site α causing the 

closure of the cleft to its natural conformation and giving the normal pattern observed in 1H NMR 

experiments. 

Aimed to prove this hypothesis, further MDs were carried out. On the most sampled structure of 

the trajectory with Ca2+-ATP bound to the site α, a subsequent docking of V10 was carried out to 

evaluate if the contemporaneous binding of V10 and ATP at the site α is possible. Additional 200 ns 

of MD unveil that the presence of ATP hinders the V10 binding; indeed, at 9 ns, V10 leaves the site α 

and moves to the site β after 53 ns, where it is stabilized (Figure 7).  
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Figure 7. Molecular representation of: a) the contemporaneous binding of V10 at the site α and Nb10 

at the site β; b) the binding mode of Nb10 at the site β in the presence of Ca2+-ATP. 

 

 

These data can be rationalized assuming that, in the case of V10, the effect of ATP is of clear 

inhibition. The catalytic site becomes populated preferentially by ATP with concomitant closure of 

the cleft which, even for the increased negative charge in the region, induces the displacement of 

V10 from the site α to the site β less affine of ca. 23 kcal·mol–1 (see Table 1).  

As discussed above, the site β is found at the interface of subdomains I and II in the surface 

region of G-actin (Figure 1a). Therefore, the reason behind the increasing of the half-life of V10 

bound to G-actin from 5 to 27 h and its decreasing up to 10 h upon addition of ATP,11 should be 

found on the ATP induced displacement of V10 from the protective environment of the site α to the 

more solvent exposed site β. This event may favor the Cys oxidation and V10 reduction to 

oxidovanadium(IV) cation, VIVO2+, and the aggregation of G-actin to form F-actin observed in 

recent EXAFS and XANES study.15  

Concerning Nb10, being site α its secondary site, the competition with ATP is less important, 

suggesting no competition between the two POMs (Figure 7). This finding allows to establish a 

different behavior with respect to what is observed for the binding with Ca2+-ATPase. In that case, 
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Nb10 prevents the binding of V10, indicating that both isostructural POMs share the same primary 

binding site in the protein structure.18 Moreover, both of them cause comparable conformational 

changes.19  

 

 

Conclusions 

This study represents an unusual attempt to rationalize the experimental data – collected in the 

last 15 years – between the interaction of a POM, decavanadate(V) or V10, and a very important 

cellular protein, G-actin, through computational methods. In fact, despite various instrumental 

techniques can ascertain the binding between a potential metallodrug and a protein, nevertheless 

they often cannot provide the description of this interaction at molecular level. For the system V10–

G-actin, the binding sites and interacting residues are not known nor the reason of the competition 

with other molecules of the organism, for example the physiological ligand ATP. In this context, 

molecular modelling represents a valid tool to understand these processes, providing new 

information for the comprehension of the molecular events governing POMs–protein and, in 

general, metallodrugs–protein binding). 

For a careful application of POMs in biology and medicine there is a great need for understanding 

which cellular proteins represent the potential targets and often POMs–proteins interaction did not 

get the attention it deserves. Specifically, regarding POMs–actin systems described in the present 

study, the computational approach has proven to be an excellent tool to determine the binding sites 

and understand the different V10 and Nb10 mode of action. Summarizing the obtained results, it was 

elucidated and compared at the molecular level the behaviour of Nb10 and V10 in the G-actin 

conformational rearrangements. Two putative V10/Nb10–actin binding sites were fully 

characterised: V10 prefers the catalytic nucleotide site (site α), whereas Nb10 is more stable at the 

site β. Therefore, in contrast with other proteins such as Ca2+-ATPase, they could 

contemporaneously bind to G-actin and their biological and/or pharmacological action could 



23 

be synergistic. These findings should be considered for other studies in inorganic medicinal 

chemistry, administering POMs or other potential metallodrugs compatible with the same 

target protein, i.e. with affinity for different sites, to amplify their action. Concerning the 

presence of the native actin ligand ATP, it prevents the V10 binding to the site α, whereas it 

does not affect Nb10–actin interaction, since β is the primary site for this species.  

We believe that the present paper will facilitate the deeper understanding of the role POMs 

in various applications, giving valuable insight for a rational design of new metal-substituted 

POMs, i.e. with different metals in their structure, with specific interaction properties toward the 

putative proteins targets. In addition, it could be used as a "guide" for the study of the 

interactions (metal compounds)–(cellular proteins) and of the phenomena of inhibition and 

competition with the biomolecules at physiological conditions.  

Finally, an important outcome of this paper is that other metallodrug–protein systems, in the 

absence or presence of eventual inhibitors and/or competition with molecules of the organism, 

could be studied with the same approach, suggesting important elements to explain the biological 

data and design more active and specific potential drugs. 

 

 

Supporting Information 

The Supporting Information is available free of charge on the ACS Publications website at DOI: 

10.1021/acs. inorgchem.xxxxxxx. Comparison of the DFT optimized structure of V10 and Nb10 

(Figure S1), exchange rate and apparent dissociation constant for the exchange of bound ε-ATP of 

G-actin with ATP (Figure S2), 1H NMR spectra of G-actin and V10–G-actin (Figure S3), V10 half-

life time in presence of G-actin and ATP (Figure S4), Cartesian coordinates of V10 and Nb10. 

 

 



24 

Author Information 

Corresponding Authors 

* G.S.: phone, +34 977 920229; E-mail, gsciortino@iciq.es 

* M.A.: phone, +351 289 800977 ; E-mail, maalves@ualg.pt  

* E.G.: phone, +39 079 229487; E-mail, garribba@uniss.it 

ORCID 

Giuseppe Sciortino: 0000-0001-9657-1788 

Manuel Aureliano: 0000-0003-4858-3201 

Eugenio Garribba: 0000-0002-7229-5966 

Notes 

The authors declare no competing financial interest. 

 

 

Acknowledgments 

E.G. and G.S. thank Regione Autonoma della Sardegna (grant RASSR79857) and Università di 

Sassari (fondo di Ateneo per la ricerca 2020). M.A. is grateful to Fundação para a Ciência e a 

Tecnologia (FCT) project UIDB/04326/2020. 

 

 

 



 

25 

References 

 

(1) (a) Barry, N. P. E.; Sadler, P. J. Exploration of the medical periodic table: towards new 

targets. Chem. Commun. 2013, 49, 5106-5131. (b) Mjos, K. D.; Orvig, C. Metallodrugs in 

Medicinal Inorganic Chemistry. Chem. Rev. 2014, 114, 4540-4563. (c) Medici, S.; Peana, M.; 

Nurchi, V. M.; Lachowicz, J. I.; Crisponi, G.; Zoroddu, M. A. Noble metals in medicine: Latest 

advances. Coord. Chem. Rev. 2015, 284, 329-350. (d) Zhang, P.; Sadler, P. J. Advances in the 

design of organometallic anticancer complexes. J. Organomet. Chem. 2017, 839, 5-14. 

(2) (a) Jones, C.; Thornback, J. Medicinal Applications of Coordination Chemistry. The Royal 

Society of Chemistry: Cambridge, 2007. (b) Dabrowiak, J. C. Metals in Medicine. John Wiley & 

Sons, Ltd: Chichester, 2009. (c) Bioinorganic Medicinal Chemistry. Alessio, E., Ed. Wiley-VCH 

Verlag GmbH & Co. KGaA: Weinheim, 2011. (d) Interrelations between Essential Metal Ions and 

Human Diseases. Springer Science+Business Media: Dordrecht, 2013. (e) Metal-based Anticancer 

Agents. Casini, A.; Vessières, A.; Meier-Menches, S. M., Eds. The Royal Society of Chemistry: 

Croydon, 2019. 

(3) (a) Gambino, D. Potentiality of vanadium compounds as anti-parasitic agents. Coord. Chem. 

Rev. 2011, 255, 2193-2203. (b) Kioseoglou, E.; Petanidis, S.; Gabriel, C.; Salifoglou, A. The 

chemistry and biology of vanadium compounds in cancer therapeutics. Coord. Chem. Rev. 2015, 

301-302, 87-105. (c) Costa Pessoa, J.; Etcheverry, S.; Gambino, D. Vanadium compounds in 

medicine. Coord. Chem. Rev. 2015, 301-302, 24-48. (d) Rehder, D. Perspectives for vanadium in 

health issues. Future Med. Chem. 2016, 8, 325-338. (e) Rehder, D. Vanadium in health issues. 

ChemTexts 2018, 4, 20. (f) Crans, D., C; Yang, L.; Haase, A.; Yang, X. Health Benefits of 

Vanadium and Its Potential as an Anticancer Agent. In Metallo-Drugs: Development and Action of 

Anticancer Agents; Sigel, A., Sigel, H., Freisinger, E., Sigel, R. K. O., Ed.; De Gruyter GmbH: 

Berlin, 2018; Vol. 18, pp 251-280. (g) Crans, D. C.; Henry, L.; Cardiff, G.; Posner, B. I. 

Developing Vanadium as Antidiabetic and Anticancer Drugs: A Clinical and Historical Perspective 

In Essential Metals in Medicine: Therapeutic Use and Toxicity of Metal Ions in the Clinic; Carver, 

P. L., Ed.; De Gruyter GmbH: Berlin, 2019; pp 203-230. 

(4) (a) Levina, A.; Crans, D. C.; Lay, P. A. Speciation of metal drugs, supplements and toxins in 

media and bodily fluids controls in vitro activities. Coord. Chem. Rev. 2017, 352, 473-498. (b) 

Doucette, K. A.; Hassell, K. N.; Crans, D. C. Selective speciation improves efficacy and lowers 

toxicity of platinum anticancer and vanadium antidiabetic drugs. J. Inorg. Biochem. 2016, 165, 56-

70. 

(5) (a) Rhule, J. T.; Hill, C. L.; Judd, D. A.; Schinazi, R. F. Polyoxometalates in Medicine. 

Chem. Rev. 1998, 98, 327-358. (b) Yamase, T. Anti-tumor, -viral, and -bacterial activities of 

polyoxometalates for realizing an inorganic drug. J. Mater. Chem. 2005, 15, 4773-4782. (c) Turner, 

T. L.; Nguyen, V. H.; McLauchlan, C. C.; Dymon, Z.; Dorsey, B. M.; Hooker, J. D.; Jones, M. A. 

Inhibitory effects of decavanadate on several enzymes and Leishmania tarentolae In Vitro. J. Inorg. 



 

26 

Biochem. 2012, 108, 96-104. (d) Treviño, S.; Velázquez-Vázquez, D.; Sánchez-Lara, E.; Diaz-

Fonseca, A.; Flores-Hernandez, J. Á.; Pérez-Benítez, A.; Brambila-Colombres, E.; González-

Vergara, E. Metforminium Decavanadate as a Potential Metallopharmaceutical Drug for the 

Treatment of Diabetes Mellitus. Oxidative Med. Cell. Longev. 2016, 2016, 6058705. (e) Bijelic, A.; 

Aureliano, M.; Rompel, A. The antibacterial activity of polyoxometalates: structures, antibiotic 

effects and future perspectives. Chem. Commun. 2018, 54, 1153-1169. (f) Qi, Y.; Han, L.; Qi, Y.; 

Jin, X.; Zhang, B.; Niu, J.; Zhong, J.; Xu, Y. Anti-flavivirus activity of polyoxometalate. Antiviral 

Res. 2020, 179, 104813. (g) Gu, Y.; Li, Q.; Huang, Y.; Zhu, Y.; Wei, Y.; Ruhlmann, L. 

Polyoxovanadate-iodobodipy supramolecular assemblies: new agents for high efficiency cancer 

photochemotherapy. Chem. Commun. 2020, 56, 2869-2872. 

(6) Althumairy, D.; Postal, K.; Barisas, B. G.; Nunes, G. G.; Roess, D. A.; Crans, D. C. 

Polyoxometalates function as indirect activators of a G protein-coupled receptor. Metallomics 2020, 

12, 1044-1061. 

(7) (a) Bijelic, A.; Rompel, A. The use of polyoxometalates in protein crystallography – An 

attempt to widen a well-known bottleneck. Coord. Chem. Rev. 2015, 299, 22-38. (b) Chen, X.; Yan, 

S.; Wang, H.; Hu, Z.; Wang, X.; Huo, M. Aerobic oxidation of starch catalyzed by 

isopolyoxovanadate Na4Co(H2O)6V10O28. Carbohydr. Polym. 2015, 117, 673-680. (c) Zhou, H.; Li, 

J.; Bao, S.; Li, J.; Liu, X.; Jin, P. Use of ZnO as antireflective, protective, antibacterial, and 

biocompatible multifunction nanolayer of thermochromic VO2 nanofilm for intelligent windows. 

Appl. Surf. Sci. 2016, 363, 532-542. 

(8) Nyman, M.; Martin, N. P. Directional bonding in {Nb10} inorganic frameworks. Angew. 

Chem., Int. Ed. 2020, DOI: 10.1002/anie.202010902. 

(9) (a) Gândara, R. M. C.; Soares, S. S.; Martins, H.; Gutiérrez-Merino, C.; Aureliano, M. 

Vanadate oligomers: In vivo effects in hepatic vanadium accumulation and stress markers. J. Inorg. 

Biochem. 2005, 99, 1238-1244. (b) Soares, S. S.; Martins, H.; Duarte, R. O.; Moura, J. J. G.; 

Coucelo, J.; Gutiérrez-Merino, C.; Aureliano, M. Vanadium distribution, lipid peroxidation and 

oxidative stress markers upon decavanadate in vivo administration. J. Inorg. Biochem. 2007, 101, 

80-88. (c) Tiago, D. M.; Laizé, V.; Cancela, M. L.; Aureliano, M. Impairment of mineralization by 

metavanadate and decavanadate solutions in a fish bone-derived cell line. Cell Biol. Toxicol. 2008, 

24, 253-263. (d) Soares, S. S.; Martins, H.; Gutiérrez-Merino, C.; Aureliano, M. Vanadium and 

cadmium in vivo effects in teleost cardiac muscle: Metal accumulation and oxidative stress markers. 

Comp. Biochem. Physiol., Part C: Toxicol. Pharmacol. 2008, 147, 168-178. (e) Aureliano, M.; 

Fraqueza, G.; Ohlin, C. A. Ion pumps as biological targets for decavanadate. Dalton Trans. 2013, 

42, 11770-11777. (f) Aureliano, M.; Ohlin, C. A. Decavanadate in vitro and in vivo effects: facts 

and opinions. J. Inorg. Biochem. 2014, 137, 123-130. (g) Gumerova, N.; Krivosudský, L.; 

Fraqueza, G.; Breibeck, J.; Al-Sayed, E.; Tanuhadi, E.; Bijelic, A.; Fuentes, J.; Aureliano, M.; 

Rompel, A. The P-type ATPase inhibiting potential of polyoxotungstates. Metallomics 2018, 10, 

287-295. (h) Marques-da-Silva, D.; Fraqueza, G.; Lagoa, R.; Vannathan, A. A.; Mal, S. S.; 

Aureliano, M. Polyoxovanadate inhibition of Escherichia coli growth shows a reverse correlation 



 

27 

with Ca2+-ATPase inhibition. New J. Chem. 2019, 43, 17577-17587. (i) Fraqueza, G.; Fuentes, J.; 

Krivosudský, L.; Dutta, S.; Mal, S. S.; Roller, A.; Giester, G.; Rompel, A.; Aureliano, M. Inhibition 

of Na+/K+- and Ca2+-ATPase activities by phosphotetradecavanadate. J. Inorg. Biochem. 2019, 197, 

110700. (j) Pimpão, C.; da Silva, I. V.; Mósca, A. F.; Pinho, J. O.; Gaspar, M. M.; Gumerova, N. I.; 

Rompel, A.; Aureliano, M.; Soveral, G. The Aquaporin-3-Inhibiting Potential of Polyoxotungstates. 

Int. J. Mol. Sci. 2020, 21, 2467. 

(10) (a) Molitor, C.; Bijelic, A.; Rompel, A. In situ formation of the first proteinogenically 

functionalized [TeW6O24O2(Glu)]7− structure reveals unprecedented chemical and geometrical 

features of the Anderson-type cluster. Chem. Commun. 2016, 52, 12286-12289. (b) Molitor, C.; 

Bijelic, A.; Rompel, A. The potential of hexatungstotellurate(VI) to induce a significant entropic 

gain during protein crystallization. IUCrJ 2017, 4, 734-740. 

(11) Ramos, S.; Manuel, M.; Tiago, T.; Duarte, R.; Martins, J.; Gutiérrez-Merino, C.; Moura, J. J. 

G.; Aureliano, M. Decavanadate interactions with actin: Inhibition of G-actin polymerization and 

stabilization of decameric vanadate. J. Inorg. Biochem. 2006, 100, 1734-1743. 

(12) Stevenson, R. P.; Veltman, D.; Machesky, L. M. Actin-bundling proteins in cancer 

progression at a glance. J. Cell Sci. 2012, 125, 1073-1079. 

(13) Ramos, S.; Duarte, R. O.; Moura, J. J. G.; Aureliano, M. Decavanadate interactions with 

actin: cysteine oxidation and vanadyl formation. Dalton Trans. 2009, 7985-7994. 

(14) Ramos, S.; Moura, J. J. G.; Aureliano, M. Actin as a potential target for decavanadate. J. 

Inorg. Biochem. 2010, 104, 1234-1239. 

(15) Marques, M. P. M.; Gianolio, D.; Ramos, S.; Batista de Carvalho, L. A. E.; Aureliano, M. 

An EXAFS Approach to the Study of Polyoxometalate–Protein Interactions: The Case of 

Decavanadate–Actin. Inorg. Chem. 2017, 56, 10893-10903. 

(16) (a) Sciortino, G.; Sanna, D.; Ugone, V.; Micera, G.; Lledós, A.; Maréchal, J.-D.; Garribba, 

E. Elucidation of Binding Site and Chiral Specificity of Oxidovanadium Drugs with Lysozyme 

through Theoretical Calculations. Inorg. Chem. 2017, 56, 12938-12951. (b) Sciortino, G.; 

Rodríguez-Guerra Pedregal, J.; Lledós, A.; Garribba, E.; Maréchal, J.-D. Prediction of the 

interaction of metallic moieties with proteins: an update for protein-ligand docking techniques. J. 

Comput. Chem. 2018, 39, 42-51. (c) Sciortino, G.; Sanna, D.; Ugone, V.; Lledós, A.; Maréchal, J.-

D.; Garribba, E. Decoding Surface Interaction of VIVO Metallodrug Candidates with Lysozyme. 

Inorg. Chem. 2018, 57, 4456-4469. (d) Sanna, D.; Ugone, V.; Sciortino, G.; Buglyo, P.; Bihari, Z.; 

Parajdi-Losonczi, P. L.; Garribba, E. VIVO complexes with antibacterial quinolone ligands and their 

interaction with serum proteins. Dalton Trans. 2018, 47, 2164-2182. (e) Sciortino, G.; Garribba, E.; 

Maréchal, J.-D. Validation and Applications of Protein–Ligand Docking Approaches Improved for 

Metalloligands with Multiple Vacant Sites. Inorg. Chem. 2019, 58, 294-306. (f) Sciortino, G.; 

Sanna, D.; Ugone, V.; Marechal, J. D.; Garribba, E. Integrated ESI-MS/EPR/computational 

characterization of the binding of metal species to proteins: vanadium drug-myoglobin application. 

Inorg. Chem. Front. 2019, 6, 1561-1578. (g) Ugone, V.; Sanna, D.; Sciortino, G.; Marechal, J. D.; 

Garribba, E. Interaction of Vanadium(IV) Species with Ubiquitin: A Combined Instrumental and 



 

28 

Computational Approach. Inorg. Chem. 2019, 58, 8064-8078. (h) Sciortino, G.; Sanna, D.; Ugone, 

V.; Maréchal, J.-D.; Alemany-Chavarria, M.; Garribba, E. Effect of secondary interactions, steric 

hindrance and electric charge on the interaction of VIVO species with proteins. New J. Chem. 2019, 

43, 17647-17660. 

(17) Aureliano, M.; Ohlin, C. A.; Vieira, M. O.; Marques, M. P. M.; Casey, W. H.; Batista de 

Carvalho, L. A. E. Characterization of decavanadate and decaniobate solutions by Raman 

spectroscopy. Dalton Trans. 2016, 45, 7391-7399. 

(18) Fraqueza, G.; Ohlin, C. A.; Casey, W. H.; Aureliano, M. Sarcoplasmic reticulum calcium 

ATPase interactions with decaniobate, decavanadate, vanadate, tungstate and molybdate. J. Inorg. 

Biochem. 2012, 107, 82-89. 

(19) Fraqueza, G.; Batista de Carvalho, L. A. E.; Marques, M. P. M.; Maia, L.; Ohlin, C. A.; 

Casey, W. H.; Aureliano, M. Decavanadate, decaniobate, tungstate and molybdate interactions with 

sarcoplasmic reticulum Ca2+-ATPase: quercetin prevents cysteine oxidation by vanadate but does 

not reverse ATPase inhibition. Dalton Trans. 2012, 41, 12749-12758. 

(20) López, X.; Carbó, J. J.; Bo, C.; Poblet, J. M. Structure, properties and reactivity of 

polyoxometalates: a theoretical perspective. Chem. Soc. Rev. 2012, 41, 7537-7571. 

(21) (a) Solé-Daura, A.; Poblet, J. M.; Carbó, J. J. Structure–Activity Relationships for the 

Affinity of Chaotropic Polyoxometalate Anions towards Proteins. Chem.–Eur. J. 2020, 26, 5799-

5809. (b) Solé-Daura, A.; Goovaerts, V.; Stroobants, K.; Absillis, G.; Jiménez-Lozano, P.; Poblet, J. 

M.; Hirst, J. D.; Parac-Vogt, T. N.; Carbó, J. J. Probing Polyoxometalate–Protein Interactions Using 

Molecular Dynamics Simulations. Chem.–Eur. J. 2016, 22, 15280-15289. 

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. 

R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M. L., X.; 

Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; 

Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; 

Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, 

E.; Kudin, K. N.; Staroverov, V. N.; Keith, T.; Kobayashi, R.; Normand, J.; Raghavachari, K.; 

Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; 

Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C. J., J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; 

Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, 

V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, Ö.; 

Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, revision D.01. Gaussian, Inc.: 

Wallingford, CT, 2010. 

(23) Grimme, S. Semiempirical GGA-type density functional constructed with a long-range 

dispersion correction. J. Comput. Chem. 2006, 27, 1787-1799. 

(24) Ehlers, A. W.; Böhme, M.; Dapprich, S.; Gobbi, A.; Höllwarth, A.; Jonas, V.; Köhler, K. F.; 

Stegmann, R.; Veldkamp, A.; Frenking, G. A set of f-polarization functions for pseudo-potential 

basis sets of the transition metals Sc-Cu, Y-Ag and La-Au. Chem. Phys. Lett. 1993, 208, 111-114. 

(25) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal Solvation Model Based on Solute 



 

29 

Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric 

Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378-6396. 

(26) Bayly, C. I.; Cieplak, P.; Cornell, W.; Kollman, P. A. A well-behaved electrostatic potential 

based method using charge restraints for deriving atomic charges: the RESP model. J. Phys. Chem. 

1993, 97, 10269-10280. 

(27) (a) Cabré, A.; Sciortino, G.; Ujaque, G.; Verdaguer, X.; Lledós, A.; Riera, A. Iridium-

Catalyzed Isomerization of N-Sulfonyl Aziridines to Allyl Amines. Org. Lett. 2018, 20, 5747-5751. 

(b) Salomó, E.; Gallen, A.; Sciortino, G.; Ujaque, G.; Grabulosa, A.; Lledós, A.; Riera, A.; 

Verdaguer, X. Direct Asymmetric Hydrogenation of N-Methyl and N-Alkyl Imines with an Ir(III)H 

Catalyst. J. Am. Chem. Soc. 2018, 140, 16967-16970. (c) Alonso-Cotchico, L.; Sciortino, G.; 

Vidossich, P.; Rodríguez-Guerra Pedregal, J.; Drienovská, I.; Roelfes, G.; Lledós, A.; Maréchal, J.-

D. Integrated Computational Study of the Cu-Catalyzed Hydration of Alkenes in Water Solvent and 

into the Context of an Artificial Metallohydratase. ACS Catalysis 2019, 9, 4616-4626. 

(28) Siegbahn, P. E. M.; Himo, F. The quantum chemical cluster approach for modeling enzyme 

reactions. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2011, 1, 323-336. 

(29) (a) Sciortino, G.; Garribba, E. The binding modes of VIVO2+ ions in blood proteins and 

enzymes. Chem. Commun. 2020, 56, 12218-1221. (b) Sciortino, G.; Sanna, D.; Lubinu, G.; 

Maréchal, J.-D.; Garribba, E. Unveiling VIVO2+ Binding Modes to Human Serum Albumins by an 

Integrated Spectroscopic–Computational Approach. Chem.–Eur. J. 2020, 26, 11316-11326. 

(30) Micera, G.; Garribba, E. The effect of the functional, basis set, and solvent in the simulation 

of the geometry and spectroscopic properties of VIVO2+ complexes. Chemical and biological 

applications. Int. J. Quantum Chem. 2012, 112, 2486-2498. 

(31) (a) Gorelsky, S.; Micera, G.; Garribba, E. Equilibrium Between the Octahedral and Square 

Pyramidal Form and the Influence of an Axial Ligand on the Molecular Properties of VIVO 

Complexes: A Spectroscopic and DFT Study. Chem.–Eur. J. 2010, 16, 8167-8180. (b) Sanna, D.; 

Pecoraro, V. L.; Micera, G.; Garribba, E. Application of DFT methods to the study of the 

coordination environment of the VO2+ ion in V proteins. J. Biol. Inorg. Chem. 2012, 17, 773-790. 

(32) (a) Remenyi, C.; Reviakine, R.; Arbuznikov, A. V.; Vaara, J.; Kaupp, M. Spin−Orbit Effects 

on Hyperfine Coupling Tensors in Transition Metal Complexes Using Hybrid Density Functionals 

and Accurate Spin−Orbit Operators. J. Phys. Chem. A 2004, 108, 5026-5033. (b) Sanna, D.; 

Sciortino, G.; Ugone, V.; Micera, G.; Garribba, E. Nonoxido VIV Complexes: Prediction of the EPR 

Spectrum and Electronic Structure of Simple Coordination Compounds and Amavadin. Inorg. 

Chem. 2016, 55, 7373-7387. 

(33) Micera, G.; Garribba, E. Is the Spin-Orbit Coupling Important in the Prediction of the 51V 

Hyperfine Coupling Constants of VIVO2+ Species? ORCA Versus Gaussian Performance and 

Biological Applications. J. Comput. Chem. 2011, 32, 2822-2835. 

(34) Šali, A.; Blundell, T. L. Comparative Protein Modelling by Satisfaction of Spatial 

Restraints. J. Mol. Biol. 1993, 234, 779-815. 

(35) Wang, H.; Robinson, R. C.; Burtnick, L. D. The structure of native G-actin. Cytoskeleton 



 

30 

2010, 67, 456-465. 

(36) Case, D. A.; Betz, R. M.; Cerutti, D. S.; CheathamIII, T. E.; Darden, T. A.; Duke, R. E.; 

Giese, T. J.; Gohlke, H.; Goetz, A. W.; Homeyer, N.; Izadi, S.; Janowski, P.; Kaus, J.; Kovalenko, 

A.; Lee, T. S.; LeGrand, S.; Li, P.; C.Lin; Luchko, T.; Luo, R.; Madej, B.; Mermelstein, D.; Merz, 

K. M.; Monard, G.; Nguyen, H.; Nguyen, H. T.; Omelyan, I.; Onufriev, A.; Roe, D. R.; Roitberg, 

A.; Sagui, C.; Simmerling, C. L.; Botello-Smith, W. M.; Swails, J.; Walker, R. C.; Wang, J.; Wolf, 

R. M.; Wu, X.; Xiao, L.; Kollman, P. A. AMBER 2016. University of California, San Francisco, 

CA, 2016. 

(37) Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.; Simmerling, C. Comparison of 

multiple Amber force fields and development of improved protein backbone parameters. Proteins: 

Struct., Funct., Bioinf. 2006, 65, 712-725. 

(38) Li, P.; Merz, K. M. MCPB.py: A Python Based Metal Center Parameter Builder. J. Chem. 

Inf. Model. 2016, 56, 599-604. 

(39) Meagher, K. L.; Redman, L. T.; Carlson, H. A. Development of polyphosphate parameters 

for use with the AMBER force field. J. Comput. Chem. 2003, 24, 1016-1025. 

(40) Bradbrook, G. M.; Gleichmann, T.; Harrop, S. J.; Habash, J.; Raftery, J.; Kalb, J.; Yariv, J.; 

Hillier, I. H.; Helliwell, J. R. X-Ray and molecular dynamics studies of concanavalin-A glucoside 

and mannoside complexes Relating structure to thermodynamics of binding. J. Chem. Soc., 

Faraday Trans. 1998, 94, 1603-1611. 

(41) Eastman, P.; Swails, J.; Chodera, J. D.; McGibbon, R. T.; Zhao, Y.; Beauchamp, K. A.; 

Wang, L.-P.; Simmonett, A. C.; Harrigan, M. P.; Stern, C. D.; Wiewiora, R. P.; Brooks, B. R.; 

Pande, V. S. OpenMM 7: Rapid development of high performance algorithms for molecular 

dynamics. PLoS Comput. Biol. 2017, 13, e1005659. 

(42) Rodríguez-Guerra Pedregal, J.; Alonso-Cotchico, L.; Velasco-Carneros, L.; Maréchal, J.-D. 
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TEXT FOR GRAPHICAL ABSTRACT.  

Four putative binding sites in globular G-actin (named α-δ) were identified for two biologically 

active polyoxometalates (POMs), decavanadate(V) (V10) and decaniobate(V) (Nb10). Among the 

binding sites V10 prefers the catalytic nucleotide site (site α), while Nb10 the site β. ATP inhibits 

mostly the binding of V10 than Nb10, competing with decavanadate for the site α.  
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