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Abstract 

The interaction between cytochrome c (Cyt) and potential vanadium drugs, formed by 1,2-dimethyl-

3-hydroxy-4(1H)-pyridinonate (dhp) and maltolate (ma), was studied by ElectroSpray Ionization-

Mass Spectrometry (ESI-MS). Since under physiological conditions redox processes are possible, 

the binding of the complexes in the oxidation state +IV and +V, [VIVO(dhp)2], [VIVO(ma)2], 

[VVO2(dhp)2]
− and [VVO2(ma)2]

−, was examined. In all systems VIV,V–L–Cyt adducts are observed, 

their formation depending on V oxidation state, ligand and metal concentration. The larger stability 

of vanadium(IV) than vanadium(V) complexes favors the interaction of the moieties VIVOL2 and 

VIVOL+ with VIV, while with VV adducts with VVO2L and VVO2
+ ion are observed. The analysis of 

the protein structure suggests that Glu4, Glu21, Asp50, Glu62, Glu66 and Glu104 are the most 

plausible candidates for monodentate coordination, while the couples (Asp2, Glu4), (Glu92, Glu93) 

and (His33, Glu104) for bidentate binding. The values of E1/2 for [VIVO(dhp)2] and [VIVO(ma)2], 

measured by cyclic voltammetry (CV), 0.53 V and 0.60 V vs. standard hydrogen electrode, indicate 

that an oxidation of VIV to VV is possible. The presence of a protein can alter the redox reactions 

and stabilize one of the states, VIV or VV. Overall, the data reinforce the conclusion that, for V 

drugs, the biotransformation is fundamental to explain their biological action and the analysis 

should not be limited to the ligand exchange and hydrolysis but also include the redox processes, 

and that a mixture of VIV and VV species, VIV,V–L–Protein and VIV,V–Protein, could be responsible 

of the pharmacological effects.  
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1. Introduction 

Over the last years, vanadium compounds have been extensively studied for their pharmacological 

properties and potential use in medicine as antiparasitic [1], antibacterial [2], but – mainly – as 

antidiabetic [3-7] and anticancer [8-16] drugs. 

After in vitro or in vivo studies, several vanadium(IV) and vanadium(V) compounds have shown 

interesting properties [6, 9, 13, 15, 17]. Species with stoichiometry VIVOL2 [18] and VVO2L2 [19, 

20], where L is a bidentate and monoanionic ligand, have been extensively tested. Among the 

compounds with stoichiometry VIVOL2, bis(maltolato)oxidovanadium(IV) (BMOV) and 

bis(ethylmaltolato)oxidovanadium(IV) (BEOV) are worth of being mentioned and are considered 

the benchmark complexes for new molecules with anti-diabetic action [3]. Maltol (3-hydroxy-2-

methyl-4H-pyran-4-one; ma) is a naturally occurring compound used as a food additive to enhance 

the flavor of breads and cakes. The story of BMOV as potential anti-diabetic agent starts at the 

beginning of the 90s of the last century, when it was demonstrated that it normalizes glucose and 

lipid values without increasing insulin levels. Its derivative BEOV, under the name AKP020, 

completed phases I and IIa of clinical trials [3, 4], but the tests were blocked for two reasons, the 

renal problems of several patients and financial problems of Akesis Pharmaceuticals [21, 22]. After 

the synthesis of BMOV, the anti-diabetic potential of other VIVO compounds with O4 and N2O2 

coordination was examined. One promising VIVO complex is formed by 1,2-dimethyl-3-hydroxy-

4(1H)-pyridinone (deferiprone or dhp), with formula [VIVO(dhp)2]; it is a strong inhibitor of fatty 

acid mobilization and is effective in the treatment of rats affected by diabetes induced with 

streptozotocin (STZ) [23]. [VIVO(dhp)2] can be considered a bridge between the two major 

applications proposed for vanadium species, since it shows, besides the anti-diabetic action, anti-

cancer effectiveness as well; in fact, it is active against malignant melanoma cells and causes 

apoptosis and cell cycle block [24].  

In the development and design of the metallodrugs, and in particular of those based on vanadium, 

the major challenge concerns the understanding of the mechanisms of action, not yet fully known, 

and the identification of active species in order to obtain more effective compounds and reduce their 

toxicity and possible side effects. Indeed, under physiological conditions, the vanadium complexes 

give extensive hydrolysis, ligand exchange and redox reactions, as well as changes in geometry and 

coordination number. It has been pointed out that the scarce interest of the pharmaceutical 

companies for the development of vanadium-based drugs can be related to the limited knowledge of 

their biospeciation in the organism [25]. 

One of the less studied and understood aspects of the behavior of V potential drugs are the redox 

processes. Up to now it is unclear if, in the biological fluids, is favored the oxidation or, in contrast, 
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the reduction. On one hand the oxidation of VIVO2+ ion to VV occurs very easily around 

physiological pH in aqueous solution [26]. Harris and co-workers suggested that the O2 

concentration in the blood not bound to hemoglobin (that varies from 100 mm Hg in the lungs and 

arteries to 40 mm Hg in the blood vessels and peripheral tissues) could be sufficient to oxidize VIV 

to VV and determined a time of 1-4 h for the oxidation in vivo of VIVO−transferrin adducts [27]. 

Another oxidant may be hydrogen peroxide, which could oxidize VIVO compounds with the 

formation of hydroxyl radicals (•OH) via a Fenton-like reaction, even if contrasting opinions on its 

amount in biological fluids have been reported [28-30]. On the other hand, the reduction may be 

promoted by reducing agents like reduced glutathione (GSH), cysteine (Cys), L-ascorbate (Asc) and 

reduced nicotinamide adenine dinucleotide and nicotinamide adenine dinucleotide phosphate 

(NADH and NADPH) [31-34]. In human erythrocytes and rat adipocytes, GSH – present in the 

cytosol in high concentration (2.3 mM) – reduces VV to VIVO2+ which is subsequently complexed 

by several bioligands [35, 36]. Through blood circulation monitoring-electron paramagnetic 

resonances (BCM-EPR) experiments, it has been demonstrated that the larger amount of vanadium 

in the blood, when it is administered as VIVOSO4, exists in the oxidation state +IV [37]. Therefore, 

even though there is no unanimous consensus on the V oxidation state at the physiological 

conditions, an interconversion between the states +IV and +V is likely in serum and cytosol and, 

depending on the specific V species, an equilibrium between the concentration of VIV and VV may 

be reached [11, 27, 38-43]. This would account for the similar effects exerted by VIV and VV 

compounds. 

In this scenario, the interaction with proteins of vanadium potential drugs, in both the oxidation 

states, could play a very important role in their transport in organism and mechanism of action [44]. 

The binding depends on various factors: the structure of the V species in aqueous solution, its 

thermodynamic stability, the presence of accessible residues on the protein surface, the stabilization 

of the adduct by hydrogen bonds (H-bonds) or van der Waals (vdW) contacts [44, 45]. Moreover, 

the interaction can be covalent with the direct binding of one or more amino acid side-chains to the 

first coordination sphere of vanadium or non-covalent with only secondary contacts on the second 

coordination sphere [44, 46]. In addition, such types of binding to proteins could stabilize one of the 

two oxidation states +IV or +V and, therefore, determine the active species in the organism. 

Over the last years, a growing number of papers dealt with the interaction of vanadium compounds 

both with large proteins like human serum transferrin in the apo or holo form [47-52], human serum 

albumin [52-55], hemoglobin [47, 56], immunoglobulin G [47, 57], and small proteins, such as 

lysozyme [58-61], myoglobin [62] and ubiquitin [59, 60, 63] and ribonuclease A [64]. These 

systems were investigated through the integrated application of several techniques such as X-ray 
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diffraction, ESI-MS, NMR, EPR, UV–vis and CD spectroscopy as well as computational methods.  

Small proteins play a special role in this kind of works: on one hand they are important for the 

intrinsic physiological functions, on the other they can be considered models easily analyzable for 

the limited dimensions and number of potential sites and to get information on larger and more 

complex proteins [65].  

In this study, the binding of VIV and VV complexes formed by 1,2-dimethyl-3-hydroxy-4(1H)-

pyridinone (dhp) and maltol (ma), [VIVO(dhp)2], [V
VO2(dhp)2]

–, [VIVO(ma)2], [V
VO2(ma)2]

–, with 

cytochrome c (Cyt) was evaluated by ElectroSpray Ionization-Mass Spectrometry (ESI-MS) 

technique. In aqueous solution, at mM concentration, [VIVO(dhp)2] exists as a mixture of 

[VIVO(dhp)2] and [VIVO(dhp)2(H2O)] in equilibrium, while [VIVO(ma)2] forms the cis-octahedral 

species [VIVO(ma)2(H2O)] (Scheme 1). Cytochrome c is a small protein (104 amino acids, MM < 

12400 Da) suitable for ESI-MS studies since it produces well-resolved spectra in the m/z 1000-2000 

range [66]. It has important biological functions being involved in the electron transport chain in 

mitochondria and playing a crucial role in the cellular apoptosis pathway [67]. As pointed out in the 

literature, the apoptotic function of Cyt could be exploited in the development of new drugs, 

including metal drugs; the types of cancer receptive to the protein cytotoxicity and the factors which 

can be tuned to increase its pharmacological efficiency have been identified [68]. Recently, the 

interaction between Cyt and anti-bacterial [VIVO(nalidixato)2(H2O)] has been described and both 

covalent and non-covalent binding of VIVO(nalidixato)2 moiety has been demonstrated, with the 

residues Glu21 and Glu90 being involved in the metal binding [46]. Therefore, this study could 

throw light on the interaction of other pharmacologically active VIV and VV complexes with Cyt and 

on the eventual differences of the metal oxidation states in the protein binding.  
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Scheme 1. Structure in aqueous solution of the VIV,V complexes formed by dhp and ma examined in 

this study.  

 

 

2. Material and methods 

2.1. Chemicals 

Water was deionized through the purification system Millipore MilliQ Academic or purchased from 

Sigma-Aldrich (LC-MS grade). The chemicals oxidovanadium(IV) sulfate trihydrate 

(VIVOSO4·3H2O), ammonium vanadate (NH4V
VO3), 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone 

(deferiprone, dhp), 3-hydroxy-2-methyl-4H-pyran-4-one (maltol, ma), cytochrome c from equine 

heart (Cyt, C2506) were Sigma-Aldrich products of the highest grade available and were used as 

received.  

The complexes [VIVO(dhp)2] and [VIVO(ma)2] were synthesized following the procedure 

established in the literature [69, 70]. 

 

2.2. ESI-MS Measurements 

The solutions for ESI-MS measurements were prepared as follows. Briefly, the solid VIV complexes 

or NH4V
VO3 plus the ligands in molar ratio 1/2 were dissolved in LC-MS grade water to obtain a V 

concentration of 1.0-2.0 mM. Argon was bubbled in the systems containing VIV in order to avoid 

the oxidation. Subsequently, the solutions were diluted up to a V concentration of 50 μM and the 
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ESI-MS spectra were immediately acquired. 

The samples of the ternary systems containing cytochrome c were prepared mixing a proper amount 

of the V solution with an aliquot of a stock protein solution (500 μM) to reach (V complex)/Cyt 

ratios of 3/1 or 5/1 and a protein concentration of 5 or 50 μM. In all the solutions pH was in the 

range 5-6. ESI-MS spectra were acquired immediately after the preparation of the solutions. 

Mass spectra in the positive- or negative-ion mode were recorded on a Q Exactive Plus Hybrid 

Quadrupole-Orbitrap (Thermo Fisher Scientific) mass spectrometer. The solutions were infused at a 

flow rate of 5.00 μL/min into the ESI chamber. The spectra were obtained in the m/z range 50-750 

for the binary systems and 300–4500 in the systems containing the protein, with a resolution of 

140000, and accumulated for at least 5 min to increase the signal-to-noise ratio. The instrumental 

setting for the spectra measurements in positive-ion mode was as follows: spray voltage 2300 V, 

capillary temperature 250 °C, sheath gas 10 (arbitrary units), auxiliary gas 3 (arbitrary units), sweep 

gas 0 (arbitrary units), probe heater temperature 50 °C. The setting used for negative-ion mode 

spectra was as follows: spray voltage −1900 V, capillary temperature 250 °C, sheath gas 20 

(arbitrary units), auxiliary gas 5 (arbitrary units), sweep gas 0 (arbitrary units), probe heater 

temperature 14 °C. ESI-MS spectra were analyzed by using Thermo Xcalibur 3.0.63 software 

(Thermo Fisher Scientific) and the average deconvoluted monoisotopic masses were obtained 

through the Xtract tool integrated in the software. 

 

2.3. Electrochemistry 

Cyclic voltammetry (CV) measurements (CVon the systems with [VIVO(dhp)2] and [VIVO(ma)2] 

were obtained with an electrochemical analyzer CH Instruments 600 B at room temperature (25 ± 1 

°C) in H2O with 0.1 M KCl, as reported previously [71]. The total VIVO concentration was 1 mM. 

A glassy carbon working electrode, a Pt wire counter electrode and a reference saturated calomel 

electrode (SCE, Hg/Hg2Cl2) were employed. All potentials were calculated relative to the 

Hg/Hg2Cl2 electrode (0.224 V vs. standard hydrogen electrode (SHE) at 25 °C), with a value of 

+0.22 V for the [FeIII(CN)6]
3−/[FeII(CN)6]

4− couple (0.01 M NaOH). Voltammograms were obtained 

at scan rates between 0.1 and 1 V s−1. Redox potentials were determined with a precision of ±0.01 

V.  

 

2.4. Analysis of the protein structure 

The structure of cytochrome c was downloaded from Protein Data Bank (PDB) [72, 73] with code 

1HRC [74]. The analysis of its structure, in particular the possible binding sites consisting of Asp, 

Glu and His residues, was carried out with the software Swiss-Pdb Viewer, version 4.1.0 [75].  
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3. Results and discussion  

3.1. Binary systems VIVO/dhp and VVO2/dhp 

1,2-Dimethyl-3-hydroxy-4(1H)-pyridinone is used to treat iron overload in Thalassaemia major by 

chelation therapy, due to the formation of stable complexes with FeIII [76]. Similarly, it can form 

stable chelate complexes with vanadium in different oxidation states.  

The complex [VIVO(dhp)2] is penta-coordinated with a square pyramidal geometry in the solid state 

[77]. In aqueous solution [VIVO(dhp)2] is in equilibrium with cis-[VIVO(dhp)2(H2O)], with a H2O 

molecule adjacent to the oxido ligand (Scheme 1), and the position of the equilibrium is influenced 

by the experimental conditions such as the temperature [69, 78, 79]. cis-[VIVO(dhp)2(H2O)] 

undergoes deprotonation of the equatorial water molecule to give the corresponding mono-

hydroxido species cis-[VIVO(dhp)2(OH)]– with a pK of 10.59 [69]. The existence of the bis-chelated 

species around the physiological pH was confirmed by ESI-MS that shows the signals of 

[VIVO(dhp)2+H]+ at m/z 344.06 and [VIVO(dhp)2+Na]+ at m/z 366.04 [80]. 

The ligand dhp forms stable complexes with VV as well. The structure at the solid state, 

K[VVO2(dhp)2]·2H2O, has been solved by single crystal X-ray diffraction analysis; it shows two 

monoanionic ligands bound to cis-VVO2
+ ion with (Oketo, Ophen

–) coordination [81] (see Scheme 1). 

In the same study, the stability constants have been determined by pH-metric and 51V NMR 

measurements [81]. With increasing pH, [VVO2(dhp)], [VVO2(dhp)2]
–, [VVO(dhp)2(OH)] and 

[VVO2(dhp)(OH)]– have been determined before the formation of [HVVO4]
2– which occur after pH 

10; among them, [VVO2(dhp)(OH)]– and [VVO2(dhp)2]
– are the major species in solution at the 

physiological pH. 

The negative-mode ESI-MS spectrum recorded on the system VVO2
+/dhp with a 1/2 molar ratio is 

depicted in Figure 1, where the peaks at m/z 237.99 and 359.05 were attributed to 

[VVO2(dhp)(OH)]– and [VVO2(dhp)2]
–, respectively, in good agreement with the pH-potentiometric 

measurements. The comparison between the experimental and calculated isotopic pattern for the 

peak of [VVO2(dhp)2]
– ion is shown in Figure 2 as an example. The same species were detected in 

positive mode as H+ or Na+ adducts (see Table 1). Moreover, the presence of di- and trinuclear 

complexes, [(VVO2)2(dhp)O]– (m/z 319.92), [(VVO2)2(dhp)2(OH)]– (m/z 458.98) and 

[(VVO2)3(dhp)3(OH)]– (m/z 679.97) was observed. Among the most intense peaks revealed in the 

ESI-MS(–) spectrum, those of the free mono- and tetranuclear vanadate(V) were identified at m/z 

116.94 and 198.87 (Figure 1), indicating that the VV–dhp complexes are partly hydrolysed at these 

experimental conditions. 

In the ESI-MS(+) spectrum, the more intense peaks are those of the adducts of the free ligand with 
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protons and sodium ions. The peaks of the metal species are much less intense than in the negative-

mode spectra due to the negative charges of the major species in solution (Table 1). However, 

monooxido VV species were detected, such as [VVO(dhp)2]
+ (m/z 343.05) and 

[VVO(dhp)2(OH)+Na]+ (m/z 383.04), which confirm the formation of [VVO(dhp)2(OH)], identified 

by pH-potentiometry at acidic pH in the system VV/dhp 1/3 [81]. 

All the species revealed in the mass spectra are listed in Table 1. 

 

 

Figure 1. ESI-MS(–) spectrum of the system VVO2
+/dhp 1/2 (V concentration 50 µM) in ultrapure 

LC/MS water. 

 

 

 

Figure 2. Experimental (top) and calculated (bottom) isotopic pattern of the species [VVO2(dhp)2]
–. 

 

 

Table 1. Identified species in the ESI-MS spectra of the system VVO2
+/dhp. 

Ion Composition Experimental (m/z)a Calculated (m/z)a Error (ppm) b 

dhp– C7H8NO2 138.05492 138.05605 –8.2 

[VVO2(dhp)(OH)]–  C7H9NO5V 237.99230 237.99258 –1.2 
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[VVO2(dhp)2]
–  C14H16N2O6V 359.04554 359.04535 0.5 

[VVO2(dhp)–H]– C7H7NO4V 219.98156 219.98202 –2.1 

[(VVO2)2(dhp)O]– C7H8NO7V2 319.91855 319.91855 0.0 

[(VVO2)2(dhp)2(OH)]– C14H17N2O9V2 458.98217 458.98188 0.6 

[(VVO2)3(dhp)3(OH)]– C21H25N3O13V3 679.97203 679.97118 1.3 

H2VO4
– H2O4V 116.93857 116.93982 –10.7 

H2V4O12
2– H2O12V4 198.86513 198.86579 –3.3 

[Hdhp+H]+ C7H10NO2 140.07046 140.07061 –1.1 

[Hdhp+Na]+ C7H9NO2Na 162.05236 162.05255 –1.2 

[VVO2(dhp)+H]+ C7H9NO4V 221.99631 221.99657 –1.2 

[VVO2(dhp)+Na]+ C7H8NO4VNa 243.97827 243.97852 –1.0 

[VVO(dhp)2]
+ C14H16N2O5V 343.04903 343.04934 –0.9 

[VVO(OH)(dhp)2+Na]+ C14H17N2O6VNa  383.04154 383.04185 –0.8 

a Experimental and calculated m/z values refer to the peak representative of the monoisotopic mass. 

b Error in ppm compared to the experimental value, calculated as: 106 × [Experimental (m/z) – 

Calculated (m/z)] / Calculated (m/z).  

 

 

3.2. Ternary systems VIVO/dhp/Cyt and VVO2/dhp/Cyt 

The interaction with Cyt of [VIVO(dhp)2]/[V
IVO(dhp)2(H2O)] and [VVO2(dhp)2]

– has been 

investigated by recording ESI-MS spectra in ultrapure water varying the molar ratio between the 

complex and protein (3/1 and 5/1) and Cyt concentration (5 or 50 µM).  

First, the raw spectrum of the free protein, recorded as a reference (Figure S1), shows a 

characteristic pattern dominated by the species with +8 charge (m/z = 1545.8), between those with 

+ 9 (m/z = 1378.4) and +7 (m/z = 1766.5); the relative intensities are in agreement with the 

literature data [66, 82].  In the deconvoluted spectrum, it is possible to observe the main signal 

corresponding to the mass of Cyt (12358.3 Da) and the series of signals due to the adducts between 

the protein and ubiquitous ions like Na+ and K+ (Figure S1). 

The mass spectra of the ternary systems are characterized by a distribution of the charged species 

that does not vary significantly after the V binding, indicating that the protein conformation remains 

(almost) the same [83, 84]. As an example, some raw spectra recorded on the solutions containing 

VIVO2+/dhp and Cyt are reported in Figure S2. 

The deconvoluted spectra of Cyt 5 µM in presence of [VIVO(dhp)2]/[V
IVO(dhp)2(H2O)] show peaks 

at +205 Da and +343 Da, compared to the free protein (12358 Da), which are consistent with the 
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mass of the moieties VIVO(dhp) and VIVO(dhp)2, respectively (Figure S3). All the detected adducts 

and their masses are listed in Table 2. At higher concentration, Cyt 50 µM, the spectra suggest that 

several different VIVO fragments are bound to the protein (Figure 3): i) n[VIVO(dhp)] with n = 1-2; 

ii) n[VIVO(dhp)(H2O)] with n = 1-2; iii) n[VIVO(dhp)2] with n = 1-3; iv) 

{n[VIVO(dhp)2]+[VIVO(dhp)]} with n = 1-3; v) {n[VIVO(dhp)2]+[VIVO(dhp)(H2O)]} with n = 1, 2. 

Notably, in all the spectra, the additional peak of the adduct [VVO2]–Cyt (12440 Da) is revealed. 

This indicates that a partial oxidation of VIV to VV occurs in solution or during the ionization 

process.  

 

Table 2. Adducts detected in the systems VIVO/dhp/Cyt and VVO2/dhp/Cyt. 

Adduct Experimental mass (Da) Expected mass (Da)a 

[VIVO(dhp)]–Cyt 12562.3 12563.3 

[VIVO(dhp)(H2O)]–Cyt 12579.3 12581.3 

[VIVO(dhp)2]–Cyt 12701.4 12701.3 

2[VIVO(dhp)]–Cyt 12767.3 12768.3 

{[VIVO(dhp)]+[VIVO(dhp)(H2O)]}–Cyt 12784.3 12786.3 

{[VIVO(dhp)2]+[VIVO(dhp)]}–Cyt 12905.4 12906.3 

{[VIVO(dhp)2]+[VIVO(dhp)(H2O)]}–Cyt 12922.4 12924.4 

2[VIVO(dhp)2]–Cyt 13045.4 13044.4 

{2[VIVO(dhp)2]+[VIVO(dhp)]}–Cyt 13249.4 13249.4 

{2[VIVO(dhp)2]+[VIVO(dhp)(H2O)]}–Cyt 13266.4 13267.4 

3[VIVO(dhp)2]–Cyt 13388.5 13387.4 

[VVO2]–Cyt 12440.3 12441.2 

[VVO2(dhp)]–Cyt 12579.3 12579.3 

2[VVO2(dhp)]–Cyt 12800.3 12800.3 

3[VVO2(dhp)]–Cyt 13022.3 13021.3 

a The expected mass is obtained by summing the exact mass of the vanadium moiety to the 

experimental mass of the free protein (12358.3 Da).  
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Figure 3. Deconvoluted ESI-MS spectra recorded on the system containing VIVO2+/dhp 1/2 and 

cytochrome c (50 µM): V/Protein molar ratio 3/1 (top) and 5/1 (bottom). L indicates the dhp ligand. 

With the asterisk the peak of the adduct [VVO2]−Cyt is denoted. With the hash symbols the signals 

of the adducts with an additional H2O molecule with respect to the adjacent peak are indicated. 

 

 

In the spectra recorded in the systems containing VVO2/dhp/Cyt, a group of peaks at higher mass 

values than Cyt alone suggests the formation of protein−(metal species) adducts. In particular, when 

the protein concentration is 5 μM, the signals of [VVO2(dhp)]−Cyt and 2[VVO2(dhp)]−Cyt adducts 

were detected at 12579 Da and 12800 Da (Figure 4), while with a protein concentration of 50 M, 

up to 3 VVO2(dhp) fragments bind to the protein (Figure 5). The mass of the VVO2(dhp) moiety is 

221 Da. As observed with the corresponding system with VIV, a small peak at 12440-12441 m/z, 

attributable to the adduct [VVO2]–Cyt, was revealed (Figure 4). It can be noticed that increasing the 

V/Protein molar ratio the number of signals is almost the same, with a little increment of the 

intensities of the (V species)–Cyt peaks. 

 

 

 



13 

 

Figure 4. Deconvoluted ESI-MS spectra recorded on the system containing VVO2
+/dhp 1/2 and 

cytochrome c (5 µM): V/Protein molar ratio 3/1 (top) and 5/1 (bottom). L indicates the dhp ligand.  

 

 

Figure 5. Deconvoluted ESI-MS spectra recorded on the system containing VVO2
+/dhp 1/2 and 

cytochrome c (50 µM): V/Protein molar ratio 3/1 (top) and 5/1 (bottom). L indicates the dhp ligand.  
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3.3. Binary systems VIVO/ma and VVO2/ma 

Maltol forms stable complexes with VIV and VV. With VIVO2+ ion, it forms in solution complexes 

with stoichiometry [VIVO(ma)(H2O)2]
+, [VIVO(ma)2(H2O)] and [VIVO(ma)2(OH)]– [85, 86]. The 

bis-chelated complex [VIVO(ma)2] exhibits a square pyramidal geometry in the solid state [70], but 

in aqueous solution, at millimolar concentration and at physiological pH, it transforms into cis-

[VIVO(ma)2(H2O)] (Scheme 1), the equatorial water undergoing deprotonation with a pKa of 8.79 

[85]. Therefore, this latter and the moieties derived from it can react with the proteins. The 

formation of this species has been also confirmed recently by ESI-MS(+) studies where the signal 

of [VIVO(ma)2+H]+ (m/z = 317.99) was observed [80]. 

With vanadium(V), the X-ray structure of K[VVO2(ma)2]·H2O has been solved with two ligands 

coordinated to cis-VVO2
+ moiety with the keto-O donors in trans position to the oxido groups [70]. 

Potentiometric and 51V NMR measurements in aqueous solution at different pH revealed that the 

most important species in pH range 4-8 is [VVO2(ma)2]
– [87, 88]. Small amounts of the mono-

chelated complexes [VVO2(ma)(OH)]– and [VVO2(ma)(OH)2]
2– were also detected [87, 88]. 

In this work, the system VV/ma was studied starting from the vanadium(V) salt, NH4V
VO3, in 

presence of the ligand with a molar ratio 1/2. ESI-MS spectra confirm the presence of the mono-

chelated [VVO2(ma)(OH)]− (m/z 224.96) and bis-chelated species [VVO2(ma)2]
− (m/z 332.98) 

(Figure S4). The comparison between the experimental and the calculated pattern for the peak of 

[VVO2(ma)2]
− is reported in Figure S5. Table 3 collects all the identified species in the ESI-MS 

spectra, recorded both in negative- and positive-ion mode. In the negative mode, an intense signal 

belongs to H2V
VO4

−, as seen in the aforementioned system with dhp, indicating the importance of 

the hydrolysis at low metal concentration. Compared to the negative-ion mode, the spectra recorded 

in the positive mode show the presence of less peaks, all assignable to adducts with H+ or Na+ ions, 

and this can be explained with the anionic nature of the VV complexes.  

 

Table 3. Identified species in the ESI-MS spectra of the system VVO2
+/ma. 

Ion Composition Experimental (m/z)a Calculated (m/z)a Error (ppm) b 

ma− C6H5O3 125.02326 125.02442 –9.3 

[VVO2(ma)2]
− C12H10O8V 332.98247 332.98208 1.2 

[VVO2(ma)(OH)]− C6H6O6V 224.96070 224.96095 –1.1 

[VVO2(ma)−H]− C6H4O5V 206.94990 206.95039 −2.4 

H2V
VO4

− H2O4V 116.93861 116.93982 –10.3 

H2V4O12
2– H2O12V4 198.86519 198.86579 –3.0 
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[VVO2(ma)+H]+ C6H6O5V 208.96506 208.96494 0.6 

[VVO2(ma)(H2O)+H]+ C6H8O6V 226.97562 226.97550 0.5 

[Hma+H]+ C6H7O3 127.03918 127.03897 1.7 

[Hma+Na]+ C6H6NaO3 149.02108 149.02092 1.1 

a Experimental and calculated m/z values refer to the peak representative of the monoisotopic mass. 

b Error in ppm respect to the experimental value, calculated as: 106 ×[Experimental (m/z) – 

Calculated (m/z)]/ Calculated (m/z). 

 

 

3.4. Ternary systems VIVO/ma/Cyt and VVO2/ma/Cyt 

The mass spectra of the system VIVO/ma/Cyt were recorded with Cyt concentration of 5 and 50 

M. As observed in the system with [VIVO(dhp)2], the comparison of the charge-state distribution 

in the spectra containing free Cyt and those with the metal complexes suggests that the binding of 

the vanadium moieties does not cause variations of the conformation of protein [83, 84]. Several 

adducts were found, collected in Table 4. At low concentration (Cyt 5 µM) and spontaneous pH 

(values between 5 and 6), the spectra show the presence of the adduct with VVO2
+, derived from the 

oxidation of the VIVO2+ ion, and of a very small amount of [VIVO(ma)]−Cyt. With a protein 

concentration of 50 µM, species with VIVO2+ and one or more mono-chelated fragment VIVO(ma) 

bound to Cyt were identified, in agreement with what was found with other proteins [62, 63, 80]. In 

particular, the adducts with composition n[VIVO(ma)]−Cyt (with n = 1-3 when the ratio V/Cyt is 3/1 

and n = 1-5 when the ratio is 5/1) and {n[VIVO(ma)]+[VIVO(ma)2]}−Cyt (n = 0–4), less intense than 

the previous ones, were detected (Figure 6). The additional low intense peaks corresponding to the 

VIVO2+ (12424 Da) and VVO2
+ (12440) adducts suggest the partial hydrolysis and oxidation of the 

VIV species that could occur in solution or during the ionization process. 

 

Table 4. Adducts detected in the systems VIVO/ma/Cyt and VVO2/ma/Cyt. 

Adduct Experimental mass (Da) Expected mass (Da)a 

[VIVO]–Cyt 12424.3 12425.2 

[VIVO(ma)]–Cyt 12549.3 12550.3 

[VIVO(ma)2]–Cyt 12676.3 12675.3 

2[VIVO(ma)]–Cyt 12741.3 12742.3 

{[VIVO(ma)]+[VIVO(ma)2]}–Cyt 12867.3 12867.2 

3[VIVO(ma)]–Cyt 12932.2 12934.2 

{2[VIVO(ma)]+[VIVO(ma)2]}–Cyt 13058.2 13059.2 
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4[VIVO(ma)]–Cyt 13123.2 13126.1 

{3[VIVO(ma)]+[VIVO(ma)2]}–Cyt 13250.2 13251.2 

5[VIVO(ma)]–Cyt 13314.2 13318.1 

{4[VIVO(ma)]+[VIVO(ma)2]}–Cyt 13441.1 13443.1 

[VVO2]–Cyt 12440.3 12441.2 

[VVO2(ma)]–Cyt 12567.3 12566.3 

{[VVO2(ma)]+VVO2}–Cyt 12649.4 12649.2 

2[VVO2(ma)]}–Cyt 12775.3 12774.2 

{2[VVO2(ma)]+VVO2}–Cyt 12856.2 12857.2 

3[VVO2(ma)]}–Cyt 12983.5 12982.2 

a The expected mass is obtained by summing the mass of the vanadium moiety to the experimental 

mass of the free protein (12358.3 Da).  

 

 

 

Figure 6. Deconvoluted ESI-MS spectra recorded on the system containing VIVO2+/ma 1/2 and 

cytochrome c (50 µM): V/Protein molar ratio 3/1 (top) and 5/1 (bottom). L indicates the maltolato 

ligand. With the asterisk the peak of the adduct [VVO2]−Cyt is denoted. 

 

 

In the system with VVO2, ma and Cyt, studied with protein concentration of 5 or 50 M and ratio 
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V/Cyt of 3/1 and 5/1, the ESI-MS spectra show the signals of the adducts formed by VVO2
+ (+82 

Da compared to the mass of the protein) and VVO2(ma) (+209 Da). With increasing the protein 

concentration, up to 3 moieties VVO2(ma) can bind to the protein forming the adduct n[VVO2(ma)]–

Cyt with n = 1-3 (Figure 7). Moreover, the peaks of the adducts {n[VVO2(ma)]+VVO2}–Cyt with n 

= 1-2, were detected.  

 

 

Figure 7. Deconvoluted ESI-MS spectra recorded on the system containing VVO2
+/ma 1/2 and 

Cytochrome c (50 µM): V/Protein molar ratio 3/1 (top) and 5/1 (bottom). L indicates the maltolato 

ligand.  

 

 

3.5. Discussion of the ESI-MS data 

In both the systems VIV,V/L, with L = dhp or ma, several adducts with cytochrome c were observed 

with the moieties VIVOL2, V
IVOL, VVO2L and VVO2. The formation of such adducts depends on 

several factors, mainly the V oxidation state, the ligand, the metal concentration and coordination 

geometry. The most important experimental observations can be summarized as follows. 

1) In the case of systems with VIV, the results are similar to those previously obtained with 

lysozyme [80]. Specifically, maltol forms adducts mainly with the moiety VIVO(ma), while dhp 

with both VIVO(dhp) and VIVO(dhp)2 fragments. These results are in agreement with the greater 
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strength of dhp ligand than ma (pKa = 9.76 for Hdhp and 8.44 for Hma [69, 85]) and with the higher 

thermodynamic stability of bis-chelated VIVO-dhp complexes [69, 85].  

2) When vanadium(IV,V) complexes are compared, the general rule is that their stability decrease 

from VIV to VV [89], and the behavior of dhp and ma does not represent an exception. Therefore, in 

the case of VV species, the formation of adducts with the 1:1 mono-chelated moieties and with the 

ion VVO2
+ is favored. For example, with VIV the adducts are observed with 1:2 bis-chelated moiety 

of dhp (and, in small amount, of ma), while only the species [VVO2(dhp)]−Cyt and [VVO2(ma)]−Cyt 

are detected with VV. Moreover, with vanadium(V), [VVO2]–Cyt, derived from the hydrolysis of the 

complexes, is revealed in both the systems; notably, the signals of this adduct are more intense 

when starting with [VVO2(ma)2]
– instead of [VVO2(dhp)2]

–, which forms more stable complexes.  

3) As expected, the decrease of the metal concentration favors the hydrolysis and the spectra 

recorded with V 15 or 25 M show mainly the presence of VIVOL or VVO2L (plus VVO2) instead of 

VIVOL2 or VVO2L2 bound to cytochrome c. 

4) The interaction of [VVO2L2]
– is not favored due to the saturation of the V coordination sphere 

that precludes the formation of covalent bonds. This means that, in the systems containing 

[VVO2L2]
–, the non-covalent binding, observed for VIVO complexes of flavonoids [90], is not strong 

enough to stabilize the possible adducts. Notably, when Cyt is 50 M, only the species 

n[VVO2(ma)]–Cyt were detected, even if – under these experimental conditions – the percent 

amount of [VVO2(ma)2]
– is larger than [VVO2(ma)(OH)]–; for example, when the concentration of 

VV is 150 M, the respective percent amounts of the bis- and mono-chelated species are 27.7% and 

5.8%, obtained on the thermodynamic stability constants reported in the literature [88].  

5) Dhp forms adducts both with VIVO(dhp), with two adjacent equatorial sites for the protein 

binding, and VIVO(dhp)(H2O) which has only one available site. In contrast, with ma, only adducts 

[VIVO(ma)]–Cyt are detected.  

6) Finally, species with composition {n[VIVO(dhp)2]+[VIVO(dhp)]}–Cyt and 

{n[VIVO(dhp)2]+[VIVO(dhp)(H2O)]}–Cyt are revealed with dhp, and adducts 

{n[VIVO(ma)]+[VIVO(ma)2]}–Cyt and {n[VVO2(ma)]+VVO2}–Cyt are formed by ma, suggesting 

that the protein can bind simultaneously two different moieties.  

The analysis of cytochrome c allows to unveil interesting features on its binding capability. The 

residues that interact favorably with vanadium species are Asp and Glu with their carboxylate group 

and His with imidazole nitrogen [18, 44, 62]. Cyt has three Asp (Asp2, Asp50, Asp93), nine Glu 

(Glu4, Glu21, Glu61, Glu62, Glu66, Glu69, Glu90, Glu92, Glu104), and three His residues (His18, 

His26, His33, with His18 engaged in the Fe3+ binding) (Figure 8). Most of them are able to bind 

VIV,V only in a monodentate manner. A study of the surface residues of cytochrome c (structure 
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with code 1HRC [74] in Protein Data Bank (PDB)) with the software Swiss-Pdb Viewer [75] shows 

that, selecting 35% as the threshold value for considering an amino acid accessible for vanadium 

coordination, Asp2, Glu4, Glu21, His33, Asp50, Glu62, Glu66, Glu92, Asp93 and Glu104 are the 

most exposed residues (in blue or red in Figure 8). Notably, Glu21 (and Glu90) was predicted by 

docking calculations as a possible donor for the moiety cis-VIVO(nalidixato)2 [46], derived from the 

antibacterial compound cis-[VIVO(nalidixato)2(H2O)] [2]. Among the residues mentioned above, 

(Asp2, Glu4), (His33, Glu104) and (Glu92, Asp93) can bind simultaneously VIV,V, realizing a 

bidentate coordination (in red in Figure 8).  

 

 

Figure 8. Structure of cytochrome c with all the Asp, Glu and His residues. The residues which can 

potentially bind VIV,V with a monodentate coordination are drawn in blue, while those which can be 

involved both in a monodentate and in a bidentate coordination are drawn in red. The site with Fe3+ 

ion and the apical His18 and Met80 residues is shown in purple.  

 

 

The structure of the possible species formed by dhp and ma is represented in Scheme 2. Only dhp 

forms adducts with the stoichiometry [VIVOL2]–Cyt (Scheme 2c) and the interacting residue may be 

one among those with potential monodentate coordination (displayed in blue or red in Figure 8). 

Similarly, with the fragment VIVO(dhp)(H2O), in which only one equatorial coordination site is 

available (Scheme 2e), the monodentate binding of the same residues seems to be plausible. The 
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other VIVO moieties, VIVO(dhp) and VIVO(ma) (Scheme 2d and 2g), have two free equatorial sites 

and both the mono- and bidentate coordination is possible. As pointed out above, the couples of 

residues with the right distance for a simultaneous VIV,V binding are (Asp2, Glu4), (Glu92, Glu93), 

and (His33, Glu104) (in red in Figure 8). With VVO2(dhp) and VVO2(ma) (Scheme 2f and 2h), the 

binding of only one amino acid residue in the equatorial position or two, one equatorial and one 

axial, is expected. Finally, VVO2
+ and VIVO2+ (Scheme 2a and 2b) have three and four free sites on 

the metal equatorial plane and, for them as well, two options are possible: the monodentate 

coordination of one accessible residue on the protein surface or the bidentate binding by two side-

chains in the correct position to occupy two adjacent sites. For the free ions, however, the bidentate 

coordination seems more probable because it results in a significant increase of thermodynamic 

stability of the adduct and because their steric hindrance is much lower than VIVOL and VVO2L 

fragments. The remaining positions should be occupied by H2O and/or OH– ligands.  

 

 

Scheme 2. Structure of the adducts formed by VIVO2+ and VVO2
+ ions and by VIV,V complexes of 

dhp and ma with cytochrome c. X indicates a donor belonging to one of the residues Asp2, Glu4, 

Glu21, His33, Asp50, Glu62, Glu66, Glu92, Asp93 and Glu104. When the binding of a second 

residue (Y) adds to the first one X, then X and Y are the couples (Asp2, Glu4), (Glu92, Glu93), and 

(His33, Glu104). 
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3.6. Electrochemical studies 

As mentioned in the Introduction, in biological fluids a vanadium compound can undergo redox 

processes and the interconversion of the oxidation states +IV and +V is possible. Therefore, when a 

[VIVOL2] drug is administered, the oxidation to [VVO2L2]
– must be considered. Subsequently, 

depending on pH and V concentration, other transformations like, for example, hydrolysis to give 

VIVOL+/VVO2L or the corresponding hydroxido complexes VIVOL(OH)/VVO2L(OH)– may occur.  

The redox potential of the couple VIV/VV (E1/2) for [VIVO(dhp)2] was not univocally determined and 

a value of +0.67 V (vs. SHE) [81] or between 0.2 and 0.5 V (vs. Ag/AgCl electrode), as a function 

of pH, have been reported [91]. On the other hand, the E1/2 potential in aqueous solution of 

[VIVO(ma)2] to VV is 0.45 V (vs. Ag/AgCl electrode) and 0.54 V (vs. SHE) at pH > 5.0 [70, 81]. A 

pH dependence was observed, which has been attributed to the existence of various complexes in 

solution [91].  

In this study, the redox behavior of [VIVO(dhp)2] and [VIVO(ma)2] was reconsidered, taking into 

account that the dispersion of the E1/2 values may be due to the presence of more than one species in 

solution [69, 85]. So, the cyclic voltammograms were recorded at pH where the concentration of 1:2 

species reaches the maximum values. The CV's for the bis-chelated species are reported in Figure 9. 

In the systems containing [VIVO(dhp)2]/[V
IVO(dhp)2(H2O)] and [VIVO(ma)2(H2O)] (see Scheme 1 

for the structure of the species existing in aqueous solution), an anodic peak in the range 0.35-0.42 

V is due to the oxidation of VIVO2+ to VVO2
+. After the scan direction is reverted, a cathodic peak is 

detected between 0.25 and 0.31 V, assigned to the reduction of the electrochemically generated 

[VVO2(dhp)2]
– and [VVO2(ma)2]

– at the electrode surface. The E1/2 are very similar and are listed in 

Table 5; E1/2 is 0.296 V vs. SCE for [VIVO(dhp)2]/[V
IVO(dhp)2(H2O)] and 0.359 V for 

[VIVO(ma)2(H2O)]. If these values are expressed vs. SHE, they do not differ significantly compared 

to the E1/2 previously reported (Table 5). The results indicate that the oxidation is more favored for 

dhp than for ma species. The peak separation Ep is 0.105 V (dhp) and 0.107 V (ma) and the value 

ipa/ipc is 1.35 (dhp) and 1.15 (ma), indicating an almost reversible process [92]. Overall, the 

electrochemical behavior can be interpreted considering the similarity of the structure of cis-

[VIVOL2(H2O)] (L = dhp, ma; Scheme 1) and their oxidation product [VVO2L2]
–: the VIVO(OH2) 

group is oxidized to the VVO2 group through the reversible process: 

 

VIVO(OH2)
2+ ⇄ VVO2

+ + 2H+ + e–  (1) 

 

For comparison, the CV's of the hydroxido species [VIVO(dhp)2(OH)]– and [VIVO(ma)2(OH)]– were 

recorded at basic pH, 11.0 for the dhp system and 9.5 for maltol. The values of E1/2 change slightly 
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for dhp complex (0.27 V vs. SCE) and a little more for ma species (0.54 V vs. SCE). However, the 

most significant experimental variation is the loss of reversibility of the redox process. This could 

be ascribed to the low amount of H+ in solution at the explored pH, necessary to convert the oxido 

ligand O2– of the VVO2 complex to H2O of the VIVO derivative in eq. (1). 

 

 

Figure 9. Cyclic voltammograms of [VIVO(ma)2(H2O)] (in red; VIVO/ma 1/2, VIV concentration 1 

mM, pH 5.0) and [VIVO(dhp)2)]/[V
IVO(dhp)2(H2O)] (in black; VIVO/dhp 1/2, VIV concentration 1 

mM, pH 5.0). Glassy carbon was used as the working electrode and the potential E was measured 

vs. Hg/Hg2Cl2 electrode reference. 

 

 

Table 5. Electrochemical data for the VIV,V complexes of dhp and ma.  

 E1/2
a  

 This work Ref. [81] Ref. [91] Ref. [70] Behavior 

[VIVO(dhp)2]/[V
IVO(dhp)2(H2O)] b 0.53 V  0.67 V 0.6-0.9 V – Almost reversible 

[VIVO(dhp)2(OH)]– c 0.51 V – – – Irreversible 

[VIVO(ma)2(H2O)] d 0.60 V 0.54 V – < 0.64 V Almost reversible 

[VIVO(ma)2(OH)]– e 0.78 V – – – Irreversible 

a All the values were referred to the standard hydrogen electrode (SHE). b VIVO concentration 1 

mM, pH 5.0 c VIVO concentration 1 mM, pH 11.0. d VIVO concentration 1 mM, pH 5.0. e VIVO 

concentration 1 mM, pH 9.5.  
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3.7. Biological implications 

The results obtained with ESI-MS and electrochemical studies allow us to get insights on the 

behavior of [VIVO(dhp)2] and [VIVO(ma)2] in biological fluids. As pointed out in the Introduction 

section, the oxidation state of V under physiological conditions has not been univocally determined, 

but an interconversion between the states +IV and +V seems to be possible in serum and cytosol 

and an equilibrium between the concentration of VIV and VV could be reached [11, 27, 38-43]. It 

has been demonstrated that on one hand VIVOL2 complexes can be oxidized to VV; for example, 

BMOV is oxidized by molecular oxygen under ambient conditions in alcoholic solutions to form 

cis-[VVO(OR)(ma)2] [93] and potentiometric and 51V NMR measurements in the system VV/ma at 

different pH revealed that the reduction to VIV can take place below pH 4 [70]. On the other hand, 

the reduction of the corresponding VV species may occur in the presence of reductants, such as 

reduced glutathione and ascorbic acid [43, 81], and in red blood cells [56, 94].  

The values of E1/2 could account for the decrease reduction of the intensity of the EPR signals 

detected in the time range 0-3 h at 37 °C in real serum samples containing the two complexes [95]. 

Moreover, they could explain why, under these conditions, the oxidation is faster for [VIVO(dhp)2] 

(after 60 min the amount of VIV is around 5%, while for longer times the spectral signal completely 

disappear) than for [VIVO(ma)2] (35% of VIV after 60 min and 20% after 180 min) [95]. For the 

sake of completeness, it must be mentioned that the major weak point of these experiments is that 

they were performed with blood exposed to air and, therefore, the concentration of molecular 

oxygen could exceed 40 mm Hg of the blood vessels [27]. Therefore, even if the debate is still 

open, it is plausible that a partial oxidation occurs and that an equilibrium between VIV to VV is 

reached in vivo. 

The presence of a protein can alter these reactions and stabilize or destabilize one of the two 

oxidation states. In addition, it must be remembered that VIVO are generally more stable than the 

corresponding VVO2 complexes [43, 89]. We showed in this study that both VIV,V–dhp and VIV,V–

ma complexes interact with Cyt, but – as expected – with vanadium(IV) the binding of 

VIVO(dhp)2/V
IVO(dhp) and VIVO(ma) is observed, while with vanadium(V) only that of VVO2(dhp) 

and VVO2(ma) plus the free ion VVO2
+ is revealed. Obviously, the interaction of VVO2

+, VVO2L, 

VIVOL and VIVOL2 results in the formation of adducts with different thermodynamic stability. The 

strength of the interaction depends on several factors, among which the oxidation state of vanadium, 

+IV or +V, the possibility of the simultaneous coordination of a couple of side-chain donors (that, 

as observed above, is possible for cytochrome c with the couples (Asp2, Glu4), (Glu92, Glu93), and 

(His33, Glu104), but that can occur with other proteins [44, 45]), and stabilization of secondary 

interactions such as hydrogen bonds and/or van der Waals contacts [44, 96]. For these reasons, the 
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formed adducts would contribute to a different extent to the transport of the active V species in 

blood and to the uptake by the target cells. These findings reinforce the conclusion that several 

issues are necessary to explain the biological action of vanadium compounds: i) the transformation 

in fluids of organism [18, 39-41, 97-99], taking into account that this is not limited to the ligand 

exchange and hydrolysis but must include the redox reactions; ii) a mixture of species in the 

oxidation +IV and +V could be responsible of the pharmacological effects [43, 100]. 

 

 

4. Conclusions 

The identification of the active species generated in the organism by the biotransformation of 

potential vanadium drugs is still a question mark. Some authors pointed out that the limited 

knowledge of these active species has strongly limited the tests and development of vanadium drugs 

[25], despite many in vivo experiments demonstrated their promising activity [9]. While it has been 

accepted that ligand exchange and hydrolysis are very important issues related to the action of 

biologically active compounds [40, 97, 99, 101], the interconversion of the V oxidation states +IV 

and +V in blood and cellular environment is a topic of intense debate. In fact, VIV could be partly 

oxidized in blood by molecular oxygen and hydrogen peroxide, but the situation completely 

changes in cellular environment where VV may be reduced to VIV by GSH and ascorbic acid. 

Recent experiments pointed out that, among three potential reducing agents, ascorbate is more 

effective than GSH and, also, than NADH [43]. The tendency to the reduction/oxidation depends on 

the E1/2 value, but several biomolecules may change such values stabilizing VIV or VV. So, there is 

an unanimous consensus that, under physiological conditions, an equilibrium between VIV and VV is 

reached [11, 27, 38-44]. 

The presence of a protein can alter these reactions and stabilize or destabilize one of the two most 

important oxidation states in the biological fluids. The strength of the binding to the proteins 

depends on the vanadium oxidation state (+IV or +V), on the stability of the metal complex, on the 

protein conformation and possibility of simultaneous coordination of a couple of side-chain donors 

[44, 45], and, also, by the type of bond (covalent or non-covalent) [44]. The oxidation state 

determines the stability of the V complexes, and VIVO are generally more stable than the 

corresponding VVO2 species [43, 89]; the data obtained in this study suggest that with VIV is 

favored the interaction with the moieties VIVOL2 or VIVOL+, while with VV that with the inorganic 

ion VVO2
+ or VVO2L fragment. The formed adducts can be stabilized by secondary interactions 

such as hydrogen bonds or van der Waals contacts, in their turn related to the structure of the 

protein and of the ligand.  
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When a [VIVOL2] or a [VVO2L2]
– complex is administered, a mixture of species like VIVOL+, 

VIVOL2, VVO2
+ and VVO2L could exist, together with the hydrolyzed complexes such as 

(VIVO)2(OH)5
– and VIVO(OH)3

– and H2V
VO4

–/HVVO4
2–, H2V

V
2O7

2–/HVV
2O7

3– and VV
4O12

4-. Each 

of them could interact with the proteins of blood and cytosol. Therefore, it is plausible that both 

VIV,V species and VIV,V–protein adducts may contribute (probably to a different extent) to the 

transport of potential V drugs in blood, to the uptake by the target cells and to the overall 

pharmacological action. These comments suggest that the biological action of vanadium drugs must 

be explained not only with the ligand exchange and hydrolysis at low metal concentration, as 

highlighted in the literature [18, 39-41, 97-99], but also with the redox processes which could bring 

to a mixture of VIV and VV active species. 
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