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ESI-MS and EPR results obtained in the characterization of 

vanadium–protein adducts have been explained integrating 

the spectrometric and spectroscopic responses with 

molecular modelling (MM) simulations. The showcase 

systems formed by the potential antibacterial drug 

[VIVO(nalidixato)2(H2O)] with lysozyme (Lyz) and cytochrome 

c (Cyt) were fully characterized, interpreting the ESI-MS and 

EPR signals as the result of covalent and non-covalent 

binding. This behaviour should be considered for all metal-

protein systems, and instrumental techniques – if necessary – 

be coupled with modelling to gain a full characterization of 

the systems and types of binding. 

The study of the biospeciation of potential metallodrugs 

appears fundamental to clarify: i) the form in which the drugs 

are delivered to their targets, ii) the active species in the 

organism, iii) the binding to their biological receptors, and iv) 

their mechanism of action. Proteins play a crucial role in the 

biotransformation and transport of the metallodrugs in the 

organism, either for their high affinity toward the metals or 

high concentration in the bloodstream. In this context, the 

interaction of vanadium compounds (VCs) with antidiabetic or 

anticancer activity with blood serum and cellular proteins and 

the uptake by red blood cells has been widely investigated.1 

Among these interactions, those of VIVO2+ ion – which could be 

one of the active species of V-based potential drugs in the 

organism – with human serum transferrin (HTf), human serum 

albumin (HSA), immunoglobulin G (IgG), and hemoglobin (Hb) 

upon internalization of VCs in erythrocytes, could be 

mentioned.2 Moreover, the inhibition of phosphatases by 

H2VVO4
− on which the vanadium antidiabetic activity is based,3, 

4 and of ATP-dependent enzymes such as calcium pump, actin 

or myosin by vanadate(V) and decavanadate(V) are other 

examples of the broad interest towards vanadium in medicinal 

and bioinorganic chemistry.5  

In general, two types of binding are expected for a (metal 

complex)–protein adduct. i) Covalent or coordinative binding, 

when the protein replaces the organic carrier L or weak ligands 

such as water or solvent molecules from the first metal 

coordination sphere with one or more side-chain residues. For 

example, species with general composition cis-VIVOL2(Protein) 

are formed from cis-[VIVOL2(H2O)] after the replacement of the 

equatorial water ligand by a His-N or Asp/Glu-COO– donor.6, 7 

ii) Non-covalent binding, when complexes such as VIVOL2, VIVL2, 

VVO2L and VVO2L2 interact through secondary interactions, 

namely van der Waals contacts and hydrogen bonds (H-bonds), 

with the accessible groups on the protein surface.7-8 A 

complete overview of vanadium–protein systems and 

vanadium enzymes is available in refs. 1a, 4a, 9, while the 

historical development of the studies in this research field in 

refs. 10. 

In addition to X-ray diffraction (XRD), several instrumental 

techniques such as nuclear magnetic resonance (NMR), 

electron paramagnetic resonance (EPR), electron spin echo 

envelope modulation (ESEEM), electron nuclear double 

resonance (ENDOR), UV-Vis and circular dichroism (CD) 

spectroscopy have been applied to gain information on the 

metal−protein adducts, and particularly to the systems 

containing VIII, VIV or VV.10a More recently, other methods such 

as voltammetry and polarography,2i matrix-assisted laser 

desorption/ionization (MALDI), electrospray ionization-mass 

spectrometry (ESI-MS), small-angle X-ray scattering (SAXS) and 

size-exclusion chromatography (SEC),2h gel electrophoresis,11 

and high-performance liquid chromatography-inductively 

coupled plasma-mass spectrometry (HPLC-ICP-MS),12 have 

been used. Furthermore, interesting perspectives to 

determine the protein binding sites by MS are offered by the 

fragmentation and electron-based dissociation methods.13, 14 
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Among mass spectrometry tools, ESI-MS emerged as a 

powerful technique to study the metal-protein interaction 

since it works in the range 1-100 μM, i.e. close to the 

physiological metal concentration or that reached after the 

administration of a metallodrug.13, 15, 16 ESI-MS can suggest if a 

metal complex exists in the free form or bound to a protein, 

allowing to determine the stoichiometry of the formed 

adducts and to reveal contemporaneously several metal 

oxidation states (for vanadium, VIII, VIVO/VIV and VVO/VVO2). 

This technique has recently been applied to the interaction of 

pharmacologically active VCs and amavadin with model 

proteins.17  

Although it might seem the ideal technique to study the V–

protein interaction, the limitations of ESI-MS are the 

impossibility to discriminate between covalent or non-covalent 

binding and – depending on the used method, the studied 

system and formed adducts – the eventual lack of information 

about the nature of the interacting amino acids. Instructive 

examples are the systems VIVO(pic)2/lysozyme and 

VIVO(pic)2/myoglobin, where pic is the picolinato ligand, in 

which the maximum number of possible adducts was observed 

when the protein concentration is 50 M.17 At this point a 

question arises: are all the VIVO(pic)2 moieties bound through a 

coordinative bond or, in contrast, a non-covalent interaction 

must be expected? To answer the question, ESI-MS should be 

combined with another technique. In this scenario, EPR 

spectroscopy could discriminate between covalent and non-

covalent binding and provide information on the type of 

residues involved in the metal coordination,18 but in some 

cases, depending on the contribution of the coordinated 

groups to the Az value, could be difficult to distinguish 

between the binding of VIVOL2 or VIVOL to the protein, and the 

metal concentrations necessary to ensure a good signal-to-

noise ratio exceeds some magnitude orders that found under 

physiological conditions.19 So, even integrating the ESI-MS with 

EPR technique, the question above cannot be completely 

answered; moreover, in most of the cases, ESI-MS and EPR do 

not allow identifying the nature of the interacting amino acids, 

the exact region of the protein where the metal is bound nor 

the 3D structure of the adducts, neglecting insights about their 

stabilizations by hydrogen bonds network or van der Waals 

contacts. Thus, the information provided by these techniques 

should be completed by molecular modelling (MM), 

particularly DFT, docking and QM/MM calculations, recently 

applied with success in this field.20 

In this communication, a complete integrated ESI-

MS/EPR/computational strategy is applied to characterize at 

molecular level the interaction of a pharmacologically active 

VIVOL2 compound with two model proteins, lysozyme (Lyz) and 

cytochrome c (Cyt). The VC used as showcase is the potential 

drug [VIVO(nal)2(H2O)] (V-nal; Scheme 1), where nal stands for 

nalidixato ligand. Nalidixic acid belongs to the first generation 

of quinolone drugs which include some of the most prescribed 

antibacterials in the world, active against Gram-negative and 

Gram-positive bacterial infections.21 Moreover, compared to 

other organic ligands, it is non-toxic, has successfully passed 

the clinical trials and easily penetrates the cellular and nuclear 

membranes. Very recently, it has been demonstrated that 

[VIVO(nal)2(H2O)] is a promising antibacterial agent and is two 

times more active than nalidixic acid alone.22  

Spectroscopic, spectrometric and potentiometric data 

suggested that, in the pH range 6.5-7.5, a 1:2 complex exists in 

the binary system VIVO2+/Hnal with molar ratio 1:2; EPR signals 

unveiled an equilibrium between the penta- (square 

pyramidal) and hexa-coordinate (cis-octahedral) species:23 

[VIVO(nal)2] + H2O ⇄ cis-[VIVO(nal)2(H2O)]   (eq. 1) 

From the DFT prediction of the spin Hamiltonian parameters 

and ΔGaq of formation, it was concluded that an equilibrium 

between the SPY-5-(12,13) and OC-6-(23,24,32,34) isomers 

exists (Schemes 1 and Scheme S1 of the ESI†).23 

Lyz. Lysozyme is a small protein formed by 129 amino acids, 

available with high purity and suitable for ESI-MS studies.24, 25 

It is an antimicrobial enzyme, that catalyzes the hydrolysis of 

1,4-beta-linkages between N-acetylmuramic acid and N-acetyl-

D-glucosamine residues in peptidoglycan, the major 

component of the Gram-positive bacterial cellular wall.26 The 

unique histidine residue of its structure (His15), the several 

accessible carboxylate donors and its high structural stability 

make Lyz a good model to study the (metal complexes)–

proteins interaction.15  

Deconvoluted ESI-MS spectra were obtained on the system 

[VIVO(nal)2(H2O)]/Lyz at protein concentration of 50 and 5 μM 

(Fig. 1 and Fig. S1 of the ESI†) varying the V-nal/Lyz ratio (3/1 

and 5/1). Beside the free protein peak, at 14304 Da, the major 

signals at 14834, 15363, 15892, and 16423 Da can be assigned 

to n[VIVO(nal)2]−Lyz, with n = 2-4, depending on the molar 

ratio and concentration, the mass of VIVO(nal)2 being 529 Da 

(Table S1 of the ESI†). The type of interaction – covalent and 

Scheme 1. Representation of the equilibrium between the SPY-5 and OC-6 
structural isomers of the bis-chelated VIVO complex formed by nalidixato 
ligand. The isomers SPY-5-12 and OC-6-32- are shown as an example, while 
their complete series is reported in Scheme S1 of the ESI†.  

Fig. 1. Deconvoluted ESI-MS spectra recorded on the system containing 
[VIVO(nal)2(H2O)] and lysozyme (50 μM): molar ratios 3/1 (top) and 5/1 
(bottom). With the asterisks the minor peaks attributed to {[VIVO(nal) + 
n[VIVO(nal)2]}–Lyz are indicated; their masses fall at ca. (14304+ 298 + n × 529) 
Da.  
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non-covalent – for the four adducts remains to be 

demonstrated.  

EPR spectroscopy provides useful insights for the 

interpretation of the VIVO2+ binding. The anisotropic spectra 

recorded on the system V-nal/Lyz at ratio 1/1, 2/1 and 3/1 and 

physiological pH are represented in Fig. 2. The spectrum of the 

binary system, reported for comparison in Fig.2, trace a, shows 

two species, indicated as I and II, with Az(51V) 173.5 and 167.7 

× 10–4 cm–1 that correspond to the penta- and hexa-coordinate 

isomers [VIVO(nal)2] and cis-[VIVO(nal)2(H2O)].23 When ratio is 

1/1, the species IV with Az(51V) = 170.5 × 10–4 cm–1 is revealed 

(Fig. 2, trace c); the resonances do not coincide with those of 

the 1:2 isomers nor with the model complex cis-

[VIVO(nal)2(MeIm)] (III, Fig. 1, trace b; Az(51V) = 169.1 × 10–4 

cm-1), in which the equatorial water molecule is replaced by an 

imidazole-N equivalent to a His-N. On the basis of the 

“additivity relationship”,18a, 27 this indicates that the fourth 

equatorial position is occupied by a donor weaker than His-N, 

presumably an Asp/Glu-COO–, consistently with the fact that 

the His15 residue is partially buried and slightly available for 

coordination of VIVO complexes, as recently demonstrated by 

XRD and theoretical calculations for [VIVO(pic)2]–Lyz in which 

the binding is with Asp52.6d, 6c Increasing the V-nal/Lyz ratio to 

2/1 and 3/1 a broader band, due to the I and II resonances – 

beside IV – is detected (Fig. 2, traces d and e), suggesting that 

only one or two equivalents of VIVO(nal)2 moiety are bound to 

Lyz through coordinative bonds, while the excess of VIVO(nal)2 

could interact with the protein surface in a non-covalent 

fashion through secondary interactions. Spin Hamiltonian 

parameters are reported in Table S2 of the ESI†. 

Summarizing the ESI-MS and EPR data, it could be 

hypothesized that the maximum number of cis-VIVO(nal)2 

moieties which can interact through coordinative binding with 

Lyz is 1-2 with coordination of γ/δ-COO– stemming from Asp or 

Glu residues plus 2-3 additional equivalents bound to non-

specific sites in a non-covalent manner. To gain a molecular 

description and rationalize the instrumental insights, two 

subsequent docking assays were performed to identify: i) the 

coordinating side-chains and ii) the non-covalent binding 

regions. Concerning the coordinative binding, the best docking 

solutions were found for the cis-octahedral fragments of OC-6-

32-Λ and OC-6-34-Λ isomers bound to Asp52 and Asp87, 

respectively (Fig. 3). Particularly, the adduct coordinated by 

Asp52 reaches the best affinity (highest Fmax and Fmean) and a 

population of 23%, in line with what was observed for 

VIVO(pic)2 (Table S3 of the ESI†).6c, 6d As a slight difference 

compared to the system with picolinato, VIVO(nal)2 is rotated 

90° and the H-bond stabilization by Asn46 occurs not with the 

oxido ligand but with a COO– donor of nalidixato.6c, 6d No other 

VIVO(nal)2 moieties could be bound to Lys through coordinative 

bonds. The subsequent non-covalent surface dockings, carried 

out on the 2[VIVO(nal)2]–Lyz structure just obtained, unveils 

that the interaction is favored with the square planar species 

and that only the third and fourth equivalents reach values of 

GoldScore, population and ranking which denote a moderately 

strong secondary interaction; the SPY-5-13 and SPY-5-12 

isomers bound on the surface of the helix A of the α-domain 

are the best candidates (Table S4 of the ESI†). The non-

covalent adducts are stabilized by a hydrogen bond network 

with Tyr20, Arg21, Lys96 and Ser100 (SPY-5-13), and with 

Lys13 and Arg14 (SPY-5-12) (Fig. 3).  

Cyt. Cytochrome c is a heme-protein consisting of 104 amino 

acids with electron carrier function.25 It is located in the 

mitochondrial intermembrane space and its release into the 

cytoplasm stimulates apoptosis.28 Cyt with several accessible 

histidine residues exposed in its surface and available for the 

metal coordination is commonly used as model protein for 

studying metallodrug–protein interactions. Moreover, its low 

Fig. 2. High field region of the anisotropic EPR spectra recorded on frozen 
solutions (120 K) containing: a) [VIVO(nal)2(H2O)]; b) [VIVO(nal)2(H2O)]/MeIm 1/2; 
c) [VIVO(nal)2(H2O)]/Lyz 1/1; d) [VIVO(nal)2(H2O)]/Lyz 2/1 and e) 
[VIVO(nal)2(H2O)]/Lyz 3/1. VIVO2+ concentration was 7.0 × 10−4 M. The MI = 7/2 
resonances of the species [VIVO(nal)2], cis-[VIVO(nal)2(H2O)], [VIVO(nal)2(MeIm)] 
and of the adducts [VIVO(nal)2]–Lyz are indicated with I, II, III and IV. The 
resonances I, II and IV are also denoted with the dotted lines. 

Fig. 3. Best docking solutions for the interaction of the [V IVO(nal)2] moiety with 
Lyz to form the covalent adduct 2[VIVO(nal)2]–Lyz (in green), and best 
representative solutions of the first cluster for the non-covalent interaction of 
SPY-5-13 and SPY-5-12-[VIVO(nal)2] on the protein surface (in yellow). 

Fig. 4. Deconvoluted ESI-MS spectrum recorded on the system containing 
[VIVO(nal)2(H2O)] and cytochrome c (50 μM) with molar ratios 5:1. With the 
asterisks the minor peaks attributed to {[VIVO(nal) + n[VIVO(nal)2]}–Cyt are 
indicated; their masses fall at ca. (12359 + 298 + n × 529) Da. 
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molecular mass and high purity makes it suitable for ESI-MS 

experiments.15, 29 

Following the same approach used for Lyz, the ESI-MS spectra 

on the system V-nal/Cyt have been recorded at a protein 

concentration of 5 and 50 M, using a ratio of 3/1 and 5/1 (Fig. 

4 and Figs. S2-S3 of the ESI†). Analyzing the deconvoluted 

spectra, in addition to the peak relative to free Cyt (12359 Da), 

five additional adducts are revealed with masses of 12889, 

13419, 13948, 14476 and 15006 Da, i.e. at (12359 + n × 529) 

Da, which correspond to n[VIVO(nal)2]−Cyt with n =1-5 (Fig. 4). 

Therefore, when the concentration is 50 M, the maximum 

possible number of moieties bound to protein is observed.  

Having in hand only these data, one could argue that Cyt can 

strongly bind up to five equivalents of VIVO(nal)2. The problem 

is to establish if these moieties are all bound with covalent 

bonds to V or if, in contrast, some of them interact non-

covalently. To obtain a first differentiation between 

coordinative and non-specific non-covalent binding, EPR 

anisotropic spectra were recorded on the system 

[VIVO(nal)2(H2O)]/Cyt with ratio 1/1 and 2/1 (Fig. 5). At V-

nal/Cyt ratio 1/1, the adduct IV is observed with Az = 170.3 × 

10–4 cm–1, a value comparable with that of the species formed 

with Lyz at the same experimental conditions (Fig. 5, trace c). 

Similarly, these resonances are attributed to an adduct in 

which the fourth equatorial water molecule is replaced by an 

Asp/Glu-COO– group, a donor weaker than the imidazole-N of 

[VIVO(nal)2(MeIm)] (spectrum shown in the trace b of Fig. 5). 

Increasing the V-nal/Cyt ratio to 2/1 (Fig. 5, trace d), the 

absorptions broaden and this can be ascribed to the 

contemporaneous presence of the binary 1:2 species and to a 

second adduct [VIVO(nal)2]–Cyt, less stable than the first one 

revealed at ratio 1/1. This suggests that only one or two 

VIVO(nal)2 equivalents bind to Cyt, while for ratios higher than 

2/1 the free complex is formed, which probably interacts with 

the protein surface. 

Taking the ESI-MS and EPR data together, it could be 

hypothesized that with Cyt the maximum number of cis-

VIVO(nal)2 moieties interacting through coordinative binding is 

1 or 2 with the coordination of γ/δ-COO– groups of Asp or Glu 

residues, plus 3 or 4 additional equivalents bound to non-

specific sites in a non-covalent manner. As final step, the 

system was fully characterized by our sequence of molecular 

dockings, which allowed us to identify the coordinating side-

chains for the first two adducts and the non-specific binding 

regions for the three additional equivalents. The best results 

for the cis-octahedral species interacting by coordinative 

binding are obtained for the isomer OC-6-24-Δ bound to Glu21 

and OC-6-23-Λ bound to Glu90 (Fig. 6). The first solution 

presents the highest affinity and 38% of population (Table S3 

of the ESI†). The moiety is stabilized by H-bond with Thr90. The 

best candidates for non-specific non-covalent interactions, 

differently from what was observed for Lyz, are the cis-

octahedral species with one H2O bound on the equatorial 

plane; particularly OC-6-32-Λ, OC-6-23-Δ and OC-6-24-Λ 

isomers are stabilized by secondary interactions with Gln16, 

Lys72 (OC-6-32-Λ), Lys13, Lys86, Lys87 (OC-6-23-Δ) or Lys55 

(OC-6-24-Λ) (Fig. 6 and Table S4 of the ESI†). 

In summary, we had shown strengths and weaknesses of two 

important instrumental techniques (ESI-MS and EPR) and how 

their mutual integration can give fundamental insights on the 

metallodrugs–biomolecules interaction. ESI-MS, working at 

physiological concentrations, suggests the equilibria in solution 

and the stoichiometry of the adducts; however, this technique 

cannot distinguish between covalent and non-covalent 

binding. EPR is sensitive mainly to the covalent adducts 

because, in most of the cases, the non-covalent interactions 

are very weak and block the species on the protein surface for 

shorter times than the spectroscopic time scale; nevertheless, 

EPR allows unveiling the types of donors coordinated to V. 

In the light of these observations, a simple description of what 

occurs in solution is as follows. In a VC-protein, or generally, in 

a metal-protein system, the first metal moieties can bind to 

Fig. 5. High field region of the anisotropic EPR spectra recorded on frozen 
solutions (120 K) containing: a) [VIVO(nal)2(H2O)]; b) [VIVO(nal)2(H2O)]/MeIm 
1/2; c) [VIVO(nal)2(H2O)]/Cyt 1/1 and d) [VIVO(nal)2(H2O)]/Cyt 2/1. VIVO2+ 
concentration was 5.0 × 10−4 M. The MI = 7/2 resonances of the species 
[VIVO(nal)2], cis-[VIVO(nal)2(H2O)], [VIVO(nal)2(MeIm)] and of the adducts 
[VIVO(nal)2]–Cyt are indicated with I, II, III and IV. The resonances I, II and IV 
are also denoted with the dotted lines. 

 

Fig. 6. Best docking solutions for the interaction of the [VIVO(nal)2] moiety with 
Cyt to form the covalent adduct 2[VIVO(nal)2]–Cyt (in green), and best 
representative solutions of the first cluster for the non-covalent interaction of 
OC-6-32-Λ, OC-6-23-Δ and OC-6-24-Λ-[VO(nal)2(H2O)] on the protein surface (in 
yellow). 
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the side-chain donors through coordinative binding if the 

thermodynamic stability constants – which, in their turn, 

depend on the accessibility, solvation, and relative affinity of 

the metal for the residues – are high enough; the adducts 

formed can be revealed by both ESI-MS and EPR techniques. 

When the covalent sites are saturated, the additional metal 

equivalents can interact with the protein surface through non-

covalent binding. The non-covalent interactions can be 

imagined as a sequence of bound and unbound states, with 

the metal moieties which pass from a surface site to another, 

spending more time where the hydrogen bonds and van der 

Waals contacts are stronger. These adducts can be detected by 

ESI-MS, because their formation is favored by the solvent 

evaporation during the recording of the spectrum.30, 31 In 

contrast, in most of the cases, they are not revealed by EPR 

because the interaction is usually too weak to block the 

adducts on the non-covalent sites for the spectroscopic time 

scale.  

To overcome these limitations, distinguish between covalent 

and non-covalent adducts and identify the binding sites and 

the specific amino acid residues involved in the interaction, all 

facts which could have great effects on the transport and 

activity of a potential metallodrug in the blood and cells, the 

use of computational techniques can be fundamental. 

Simulations, particularly DFT and our updated docking 

methodology, can complete the puzzle joining the pieces given 

by ESI-MS and EPR. In fact, they are able to suggest: i) the 

binding sites for the covalent adducts (in a number similar to 

that suggested by EPR); ii) after these sites are saturated, the 

regions on the protein surface where the non-covalent 

interaction is possible and iii) the most favored non-covalent 

adducts which can be revealed by ESI-MS experiments, and iv) 

the nature of the secondary interactions with the surface 

residues. Moreover, computational methods allow identifying 

the exact residues engaged in a covalent and non-covalent 

interaction with the metal moieties, which is often not 

possible using EPR and ESI-MS technique. 

Finally, it is worth noting that this approach has a general 

applicability to any metal and protein. In fact, ESI-MS can be 

applied to any potential metallodrug, while EPR spectroscopy 

could be replaced with other spectroscopic or instrumental 

techniques specific for the metal under examination. 

According to this, for metal–protein systems, the integration 

between different techniques must be always recommended, 

remembering that the computational tools have reached 

nowadays so considerable advancements to be strongly 

suggested. 
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Text 

An integrated method based on spectrometric (ESI-MS), spectroscopic (EPR) and computational techniques 

(DFT and docking) was applied to study the covalent and non-covalent binding of vanadium species and 

proteins. As showcases, the systems formed by the potential drugs [VIVO(nalidixato)2(H2O)] and lysozyme and 

cytochrome c were discussed. The approach is generalizable and could be applied to any metal ions and proteins.  
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