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Abstract 

The interaction of metallodrugs with proteins influences their transport, uptake and mechanism of 

action. In this study, we present an integrative approach based on spectroscopic (EPR) and 

computational (docking) tools to elucidate the non-covalent binding modes of various VIVO 

compounds with lysozyme, a prototypical model of protein receptor. Five VIVO−flavonoid drug 

candidates formed by quercetin (que), morin (mor), 7,8-dihydroxyflavone (7,8-dhf), chrysin (chr) 

and 5-hydroxyflavone (5-hf) − effective against several osteosarcoma cell lines −, and two 

benchmark VIVO species of acetylacetone (acac) and catechol (cat), are evaluated. The results show 

a gradual variation of the EPR spectra at room temperature, which is associated to the strength of 

the interaction between the square pyramidal complexes [VOL2] and the surface residues of 

lysozyme. The qualitative strength of the interaction from EPR is: [VO(que)2]
2− ~ [VO(mor)2] > 

[VO(7,8-dhf)2]
2− > [VO(chr)2] ~ [VO(5-hf)2] > [VO(acac)2] ~ [VO(cat)2]

2−. This observation is 

compared with protein-ligand docking calculations with GOLD software examining the GoldScore 

scoring function – for which hydrogen bonds and van der Waals contact terms have been optimized 

to account for the surface interaction. The best predicted binding modes display an energy trend in 

good agreement with the EPR spectroscopy. Computation indicates that the strength of the 

interaction can predicted by the Fmax value and depends on the number of OH or CO groups of the 

ligands that can interact with different sites on the protein surface and, more particularly, with those 

in the vicinity of the active site of the enzyme. The interaction strength determines the type of signal 

revealed (rigid limit or isotropic) in the EPR spectra. Spectroscopic and computational results also 

suggest that there are several sites with comparable binding energy, with the V complexes 

distributing among them in a bound state and in aqueous solution in an unbound state. This kind of 

study and analysis could be generalized to determine the non-covalent binding modes of a generic 

metal species with a generic protein. 
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Introduction 

Vanadium (V) compounds exhibit a wide variety of pharmacological properties. Some have 

shown activity as spermicidal, anti-HIV, antiparasitic, antiviral, antituberculosis and, particularly, as 

antitumor and antidiabetic agents.1 Bis(maltolato)oxidovanadium(IV) (BMOV) is the benchmark 

compound for novel vanadium candidates with antidiabetic action,2 and its derivative 

bis(ethylmaltolato)oxidovanadium(IV) (BEOV) reached phase IIa of the clinical trials, even if the 

tests have provisionally been abandoned due to a series of reasons, such the renal problems arising 

with several patients and the expiration of the patent.3 Therefore, the discovery and design of novel 

VIVO2+ derivatives is an exciting challenge in medicinal inorganic chemistry.  

When dealing with a V drug candidate, information on distribution and biotransformation under 

physiological conditions is fundamental,4, 5, 6 and considering that it can reach the target cells in the 

same molecular form as it is administered would be an oversimplification.4, 7 In fact in the blood, 

depending on the thermodynamic stability of the specific V compound, ligand exchange, 

complexation and/or redox reactions can occur. In particular, proteins and low molecular mass 

bioligands can interact with the V species and partly or fully displace the organic ligands L.8, 9 

The interaction with proteins in vivo plays a key role in vanadium compounds bioactivity, 

because it can influence the transport in the blood, the cell uptake and the mechanism of action.10 

For example, V is transported in the serum mainly by human serum transferrin (hTf) which binds 

VIII, VIV and VV in the specific sites of iron,10 VV is reduced in the cytosol to VIVO species where 

they bind to hemoglobin,11 the inhibition of phosphatase by H2V
VO4

− is the basis of the V 

antidiabetic activity,12 13 and the binding of VIV or VV species to holo-transferrin or apo-transferrin 

after the closure of its conformation can promote the cellular metal uptake because the close form is 

recognized and internalized by the transferrin receptor (TfR) in the receptor-mediated 

endocytosis.8h, 9g, 9h 

Unfortunately, in most of the cases the lack of knowledge on the three-dimensional interaction 

between V compounds and proteins limits the development of new active molecules and, as a 
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matter of fact, this appears to be a recurrent problem in metallodrug design projects. In general, two 

types of binding are expected in a (metal complex)–protein system. i) A covalent binding, when the 

protein replaces with one or more side chain residues the bidentate organic ligand L coordinated to 

the metal or weak ligands such as water; for example, species with composition cis-VOL2(Protein) 

are formed from cis-VOL2(H2O), upon the replacement of the equatorial water molecule by a His-N 

or Asp/Glu-COO donor.8b-i, 8k, 8m, 8o, 8n, 9a, 9b, 9d-g, 9i, 10 ii) A non-covalent binding, when the complex 

VOL2 interacts through secondary interactions, such as van der Waals and hydrogen contacts, with 

the accessible groups on the protein surface; in this context, various papers were published over the 

last years on the surface interaction on V compounds with proteins or DNA.14 

When X-ray diffraction analysis is not available, other methods are necessary to get information 

on (V complexes)−protein systems. For vanadium(IV), techniques such as EPR,8a-m, 8o, 9, 15 

ESEEM,16 ENDOR,17 UV-Vis,18 and CD spectroscopy,9f-h gel-electrophoresis,9g, 9h and, recently, 

MALDI-TOF, SAXS, size-exclusion chromatography, polarography and voltammetry,15, 19 were 

used. However, these techniques provide limited information of the molecular nature of the 

interaction and they might not identify the exact region of the protein where the metal is bound, the 

specific residues involved in the coordination or the possible stabilization of the structure through 

secondary coordination sphere. 

Over the last years, bridging these techniques with computation has been a bet to overcome these 

difficulties. Computational methods were applied to predict the nature of metallodrug−protein 

interaction and so get information on their biological and pharmacological role. Molecular 

modeling has become a major element in drug design and protein−ligand20 dockings are used to 

generate fast and accurate predictions of the binding of small chemical species with biomolecules 

and calculate both relative affinities and geometries. Some years ago, some of us showed the 

potential of docking algorithms in dealing the binding of organometallic compounds to proteins 

when no changes of the first coordination sphere of the metal occur during binding.21 Going beyond 

the results in the literature,22 we recently generated a new series of parameters in GOLD program to 
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treat the covalent binding of transition metal complexes in general and vanadium compounds in 

particular with proteins.23, 24 

In this work an integrative EPR and docking approach was applied to the non-covalent 

interaction between the bis-chelated VIVO complexes formed by flavonoids (indicated generally 

with VOL2, all with anticancer activity, in particular against several osteosarcoma cell lines 25) and 

lysozyme (Lyz). Even if data on the binding between V species and lysozyme in vivo are not 

available, Lyz can be considered a model protein and has been frequently used to study the (metal 

species)−protein interaction.26 Two benchmark VIVO compounds of acetylacetonate (acac) and 

catecholate (cat) – both of them proposed as antidiabetic and anticancer potential drugs 7, 27 – were 

also evaluated. The results indicate that with this integrative approach is possible to predict the non-

covalent binding modes of VIVO complexes with proteins (both in vitro and in vivo). This approach 

could be generalized to the non-covalent binding modes of any VIVO complex to the proteins and, 

also, to the surface interaction of a generic metal species with a generic protein.  

 

 

 

Computational and experimental methods 

Computational section. The geometry of all the VIVO complexes has been optimized through 

DFT methods with Gaussian 09 software28 using the functional B3P86 and the basis set 6-311g, 

according to the procedure established in the literature.8j, 29 This level of theory describes with high 

accuracy the structures of first-row metal compounds,30 and in particular V complexes.29a 

All docking calculations were performed with GOLD 5.2,31 the most convenient software to 

describe our systems. The X-ray structure of lysozyme (PDB code: 2lyz 32) was obtained from the 

Protein Data Bank.33 The crystallographic water and all the other small molecules present in the 

structure have been removed and hydrogen atoms were added with USCF Chimera.34 
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The GOLD parameter file was modified to include parameters of atom types not included in 

GOLD's database such as V and the keto oxygen coordinated to the metal (e.g. morin). The V atom 

type (M.V4) was build with the values reported in the literature14c and the keto oxygen (O.pl3) was 

build considering the VSEPR theory, according with what was recently published.23-24 

The calculations were carried out using a customized version of GoldScore scoring function 

(Fitness or F). This scoring function was selected since it was found in our recent study to be the 

most tunable scoring function of the GOLD suite.24 It is represented in eq. (1). 

 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠 (𝐹) = 𝛼 ∙ 𝑆ℎ𝑏𝑜𝑛𝑑
𝑒𝑥𝑡 + 𝛽 ∙ 𝑆𝑣𝑑𝑊

𝑒𝑥𝑡 +  𝛾 ∙ 𝑆ℎ𝑏𝑜𝑛𝑑
𝑖𝑛𝑡 +  𝛿 ∙  𝑆𝑣𝑑𝑊

𝑖𝑛𝑡 − 𝑆𝑡𝑜𝑟𝑠    (1) 

 

where 
ext
hbondS  and 

ext
vdWS  are the scoring terms related to the hydrogen (hbond) and van der 

Waals (vdW) intermolecular interactions. 
int
hbondS  represents the intramolecular hbond interactions 

and torsS  evaluates the change in stability due to the molecular torsions.    and   are empirical 

coefficients optimized to weigh the different interactions. To reproduce the experimental results of 

the examined systems the weight of the term 
ext
vdWS , related to the vdW intermolecular interaction, 

has been changed and set to 0.3 (instead of the default value of 1.375). The other parameters (  

and ) were set to 1.0. This combination of  ,  and  values ensures, for our systems, a very 

good balance between the relative weight of the hbond and vdW interactions for this type of 

systems. 

In all the calculations the spatial coordinates of the complexes have been randomized before the 

simulations. Genetic algorithm (GA) parameters have been set to 100 GA runs with a minimum of 

100,000 operations. The rest of the parameters, including pressure, number of islands, niche size, 

crossover, mutation and migration were set to default. The evaluation space was built to contain all 

the protein with a sphere with radius equal to 28 Å. Finally, the docking solutions were analysed by 
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means of GaudiView, an in-house graphical interface developed as an extension for Chimera 

software.35 

The best solutions of the calculations were evaluated through two main criteria: (i) the scoring 

function (Fitness) associated with each pose, as reported in eq. (1) and (ii) the population of the 

clusters containing the best structure. The term cluster refers to any set of solutions or poses which 

obtain a root mean square deviation (RMSD) less or equal than a selected cut-off, while population 

indicates the number of solutions or poses in the identified cluster. 

Chemicals. Water was deionized prior to use through the purification system Millipore MilliQ 

Academic. VIVO2+ solutions were prepared from VOSO4·3H2O.36 Hen egg white lysozyme (Lyz) 

was purchased from Sigma with a molecular mass of 14.3 kDa. Other chemical, i.e. acetylacetone 

(acac), catechol (cat), quercetin (que), morin (mor), 7,8-dihydroxyflavone (7,8-dhf), 5-

hydroxyflavone (5-hf), chrysin (chr), and 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES) were Aldrich products of the highest grade available and used as received.  

Preparation of the solutions and EPR measurements. All the solutions were freshly prepared 

by weighing all the components before each experiment. In particular, these were prepared 

dissolving in ultra-pure water VOSO4
.3H2O to obtain a VIVO2+ concentration of (0.5-1.0) × 10–3 M. 

Argon was bubbled through the solutions to ensure the absence of oxygen and, under these 

conditions, the oxidation of VIV to VV is negligible. To the solution containing the metal ion, the 

ligand L (acac, cat, que, mor, 7,8-dhf, 5-hf, chr) was added to reach a metal to ligand ratio of 1:2. 

HEPES (1.0 × 10−1 M) was used as buffer and does not bind the metal species nor interfere with the 

experiments. Subsequently, pH was raised to ca. 7.4 and to 1 mL of this solution, again carefully 

purged with argon, Lyz was added to obtain a concentration of 7.0 × 10–4 M. The model systems 

VIVO2+/L were previously examined in the literature.8k, 37 

EPR spectra were recorded from 2000 to 5000 Gauss at liquid nitrogen temperature (LNT, 77 K) 

or room temperature (RT, 298 K) with an X-band Bruker EMX spectrometer equipped with a HP 

53150A microwave frequency counter. The microwave frequency was in the range 9.40-9.41 GHz 
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for the LNT spectra, and in the range 9.83-9.85 GHz for those at RT. Microwave power was 20 mW 

(which is, with the ER4119 HS resonator, below the saturation limit), time constant was 81.92 ms, 

modulation frequency 100 kHz, modulation amplitude 0.4 mT, resolution 4096 points. To extract 

the experimental spin Hamiltonian parameters, the spectra were generated with WinEPR SimFonia 

software.38 

Background theory of EPR spectroscopy. VIVO2+ ion has a d1 electronic configuration with one 

unpaired electron. The isotropic (Aiso) or anisotropic (Ax, Ay, Az) hyperfine coupling constants in an 

EPR spectrum arise from the interaction between the spin angular momentum of the electron (S = 

1/2) with the spin angular momentum of 51V nucleus (I = 7/2, 99.8% natural abundance). Among the 

three anisotropic constant, Az is more sensitive to the equatorial donors than Ax and Ay. The value of 

Aiso and Az depends on the electron donor capacity of the ligands, with the most donating ligands 

contributing the least to the coupling constant, as suggested by the “additivity relationship”.39, 40, 41 

For all the complexes a rigid limit EPR spectrum is predicted in frozen solutions (for example, at 

LNT) because the molecules are blocked in their positions. When the spectra are recorded on a 

liquid solution at RT, for small complexes VOL2 formed by a low molecular mass ligand L, an 

isotropic spectrum is expected because the rotational motion of the chemical species is faster than 

the timescale of EPR spectroscopy (~50 ns 42), whereas for large complexes, such as the ternary 

VIVO−L−Protein, a slow tumbling type spectrum is expected because the rotational motion of the 

species is slowed down.8f The slower the rotational motion, the more the spectrum approaches to the 

rigid limit type.43 

For the systems examined in this study, two types of interactions are, in principle, possible.  

i) Covalent binding of lysozyme to V through one or more donors of the protein residues. In this 

case a rigid limit EPR spectrum is expected at RT and a change of the 51V Az value of the ternary 

VIVO−L−Lyz species will be observed due to the different equatorial donor set with respect to 

VOL2.  
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ii) Non-covalent binding of VOL2 to lysozyme which, at RT, can result in a rigid limit spectrum if 

the interaction is so strong that the most of species are blocked on the protein surface or – in 

contrast – a slow tumbling or an isotropic spectrum if the interaction is weak and most of the 

complexes is free in solution. In the first case, the value of A measured at RT will be comparable 

with Az measured at LNT for VOL2 (indeed, in both the cases the species is blocked, by interaction 

with the protein at RT or upon freezing at LNT); in the second case the value of A will be close to 

Aiso if the spectrum is completely isotropic or of the slow tumbling type.  

 

 

 

Results and discussion 

(1). Systems VIVO2+/que/Lyz and VIVO2+/mor/Lyz. Spectroscopic and computational data 

indicate that, under physiological pH, quercetin and morin form square pyramidal VIVO species 

with composition [VO(que)2]
2− and [VO(mor)2], binding V with (O–, O–) and (CO, O–) donor set, 

respectively, similar to those of catecholate and acetylacetonate (Scheme 1).37 For penta-

coordinated complexes, in principle, two different structures are possible, depending on the position 

of the O donors (trans or cis, see Scheme 1). According to IUPAC nomenclature, they are named 

SPY-5-12 and SPY-5-13.44  
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Scheme 1. Possible isomers of [VO(que)2]
2− and [VO(mor)2] species formed by quercetinate(2−) 

amd morinate(–) anions. With the numbers the position of O atoms on the three rings is indicated, 

while with the subscripts a and b the two different ligands are denoted.  

 

EPR spectra recorded in the system containing VIVO2+, que or mor and lysozyme are shown in 

Figure 1 (que) and Figure S1 (mor) of Supporting Information. At 298 K (RT) the spectra recorded 

at pH 7.4 in the binary systems VIVO2+/que and VIVO2+/mor are of the slow tumbling type, while – 

in contrast – those measured in the ternary system with lysozyme are significantly different and can 

classified as rigid limit (trace b of Figures 1 and S1), indicating that the rotational motion of the 

complexes [VO(que)2]
2− and [VO(mor)2] is prevented by the interaction with the protein. As it is 

possible to observe, the pattern and the spin Hamiltonian parameters extracted in the ternary 

systems (gz = 1.954, Az = 152.4 × 10–4 cm–1 for VIVO2+/que/Lyz, and gz = 1.950, Az = 163.3 × 10–4 

cm–1 for VIVO2+/mor/Lyz) are comparable to those obtained at 77 K (LNT) for the bis-chelated 

complexes [VO(que)2]
2− (gz = 1.955, Az = 155.7  10–4 cm–1 37) and [VO(mor)2] (gz = 1.952, Az = 

164.4  10–4 cm–1 37). The slight increase of Az for [VO(que)2]
2− and [VO(mor)2] from LNT to RT 

(cfr. traces a and b of Figure 1 and Figure S1) is due to the influence of the stress associated with 

ice crystal formation, as already discussed for the interaction of CuII with proteins.45  
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Figure 1. X-band EPR spectra recorded at pH 7.40 on: a) binary system VIVO2+/que 1/2 at 77 K 

and  = 9.406 GHz (VIVO2+ concentration 1.0  10–3 M); b) ternary system VIVO2+/que/Lyz 1/2/1 at 

298 K and  = 9.852 GHz (VIVO2+ concentration 7.0  10–4 M) and c) binary system VIVO2+/que 1/2 

at 298 K and  = 9.852 GHz (VIVO2+ concentration 7.0  10–4 M). The magnetic field in the upper 

axis refers to the trace a, and that in the lower axis to the traces b and c. With the dotted line the 

position of the MI = −7/2, 7/2 resonances of [VO(que)2]
2− at 77 K are indicated. 

 

It must be observed that: i) in the binary and ternary systems with Lyz the same species exist in 

aqueous solution and, from the comparison of spectra, these are [VO(que)2]
2− and [VO(mor)2], 

respectively; ii) at RT in the systems VIVO2+/que/Lyz and VIVO2+/mor/Lyz, even if lysozyme does 

not directly interact with vanadium through a covalent bond, the EPR signals of [VO(que)2]
2– and 

[VO(mor)2] are rigid limit, while one should expect an isotropic or a slow tumbling spectrum for 

these low molecular mass species (see Background theory of EPR spectroscopy section in the 
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Computational and Experimental Methods). This apparent inconsistency can be explained 

supposing that que and mor anions coordinated to VIVO2+ interact with lysozyme, blocking the fast 

tumbling in solution. As indicated by EPR spectroscopy, such an interaction should involve only 

hbond and vdW contacts and not covalent bonds between [VO(que)2]
2− or [VO(mor)2] and surface 

residues of lysozyme. As a first hypothesis, this can be explained through the formation of a 

network of hydrogen bonds through the O–, OH and CO groups of quercetin and morin with the 

polar side chains of the protein.  

To study the nature of the interaction between the two isomers SPY-5-12 and SPY-5-13 of 

[VO(que)2]
2− and [VO(mor)2] and lysozyme, docking calculations were carried out. The geometry 

of the two isomers was optimised with DFT methods and, subsequently, blind docking calculations 

were performed using the structure of lysozyme available in PDB (2lyz 32). The results are listed in 

Table 1 (que) and Table S1 of Supporting Information (mor).  

 

Table 1. Docking results of the interaction of [VO(que)2]
2− with lysozyme. 

Cluster a Interacting residue Distance O···X b Fmax 
c Fmean 

d Pop. e 

SPY-5-13 f 

I cluster 

HOa7···Arg61(NH2) 2.474 

21.95 21.26 7/100 HOb7···Trp63(NH) 1.701 

HOa3···Asp52(COO) 2.094 

II cluster 

Ob7···Lys116(NH3) 2.275 

20.41 19.92 5/100 
HOa3···Trp63(NH) 1.551 

Oa4···Asn59(NH) 2.046 

HOa5···Gln57(CO) 1.448 

III cluster 

HOa3···Trp62(NH) 2.328 

20.22 19.12 10/100 
VO1···Asn103(NH2) 3.367 

Oa4···Ser50(OH) 4.269 

HOb7···Asp101(COO) 2.823 
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HOa7···Gln57(CO) 2.260 

HOa5···Asp52(NH) 1.771 

IV cluster 

HOb7···Asp52(COO) 1.563 

20.10 20.01 1/100 
HOb5···Gln57(CO) 1.940 

HOb3···Trp63(NH) 1.885 

Ob4···Asn59(NH2) 3.358 

V cluster 
HOa7···Trp63(NH) 2.046 

19.96 19.19 21/100 
Oa5···Asn37(CO) 1.449 

VI cluster 

HOa5···Asp52(COO) 2.007 

19.80 18.61 3/100 
HOa7···Gln57(CO) 1.648 

Oa4···Ser50(OH) 4.509 

HOa3···Trp62(NH) 1.949 

VII cluster 

HOa5···Asp52(COO) 1.810 

19.65 18.68 5/100 

HOa7···Gln57(CO) 2.306 

HOa4···Ser50(OH) 4.140 

HOa3···Trp62(NH) 2.417 

VO1···Asn103(NH2)
 3.619 

HOb7···Asp101(COO) 2.700 

VIII cluster 

HOa7···Trp62(NH) 1.862 

19.62 18.13 8/100 HOa5···Trp63(NH) 2.256 

HOa3···Ala107(CO) 1.679 

SPY-5-12 f 

I cluster 

HOa7···Trp62(NH) 1.627 

19.47 18.96 63/100 HOa5···Trp63(NH) 2.318 

HOa3···Ala107(CO) 1.656 

II cluster 

HOb3···Trp62(NH) 2.269 

18.91 − 1/100 
Ob4···Ser50(OH) 4.162 

HOb5···Asp52(COO) 1.765 

VO1···Asn103(NH2) 2.615 
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HOb7···Gln57(CO) 2.119 

III cluster 

HOb4···Asp52(COO) 1.651 

18.30 17.63 8/100 
HOb7···Gln57(CO) 2.127 

HOa3···Arg57(NH2) 2.153 

Oa4···Arg57(NH2) 2.904 

a In the table only the clusters with the highest Fitness value are reported. b Distance in Å. c Fitness 

value for the most stable pose of each cluster (Fmax). 
d Mean Fitness value of the GoldScore scoring 

function for each cluster (Fmean). 
e Number of solutions in the identified cluster. f Isomer structure 

calculated with Gaussian 09 at the level of theory B3P86/6-311g. 

 

Considering the Fitness values of the scoring function (Fmax or Fmean in Tables 1 and S1 of 

Supporting Information, related to the interaction energy, see eq. (1)) and the population of the 

clusters, it can be observed that several potential binding sites are present (shown in Figures 2 and 

S2) and that the docking results indicate the absence of specificity for this type of surface 

interaction. In other words, it is plausible to think that the square pyramidal [VO(que)2]
2− and 

[VO(mor)2] distribute between all the available sites (remaining bound to each of them longer than 

the timescale of EPR spectroscopy to account for the rigid limit signal) without a specific 

preference for none of them.  
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Figure 2. Cluster distribution for the interaction of lysozyme with the complexes SPY-5-13-

[VO(que)2]
2− (a), and SPY-5-12-[VO(que)2]

2− (b). The eight clusters for SPY-5-13 and the three 

clusters for SPY-5-12 isomer are represented with different colors.  

 

It should be noted that most of the clusters are close to the active site of the lysozyme 

(highlighted with a gray sphere in Figure 3), i.e. the large cleft to which the bacterial carbohydrate 

chain binds and where the cleavage of peptidoglycan cell wall occurs with the subsequent death of 

the bacterium.46, 47, 48 On the basis of the docking results, all the residues involved in the interactions 

are polar and, in particular, they could be arginine (Arg12, Arg57, Arg61, Arg73, Arg112, Arg114), 

asparagine (Asn46, Asn59, Asn103), aspartate (Asp52, Asp101), glutamate (Glu35), tryptophan 

(Trp62, Trp63) or serine (Ser50). Interactions with the backbone of protein are also possible. 

Figures 4 and S3 of Supporting Information illustrate the pose with highest Fitness (Fmax) for the 

interaction of the isomers SPY-5-13 and SPY-5-12 of [VO(que)2]
2− and [VO(mor)2] with lysozyme.  
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Figure 3. Region of lysozyme where the interaction with VIVO complexes is the most probable 

(highlighted with a gray sphere) and residues involved in the stabilization of the poses. 

 

 

Figure 4. The most stable pose predicted by GOLD 5.2 for the adducts formed by [VO(que)2]
2− 

with lysozyme: a) isomer SPY-5-13 and b) isomer SPY-5-12. 

 

 

(2). System VIVO2+/7,8-dhf/Lyz. Similarly to quercetin, 7,8-dihydroxyflavone forms at pH 7.4 a 

square-pyramidal VIVO complex, [VO(7,8-dhf)2]
2−, with catecholate-like (O–, O–) coordination,.37 

EPR spectrum is shown in the trace a of Figure 5, and the structure of the two possible isomers, 

SPY-5-13 and SPY-5-12 in Scheme 2.37 EPR spin Hamiltonian parameters measured at LNT are gz 

= 1.954, Az = 156.5  10–4 37, very similar to those of [VO(que)2]
2−, while at RT a slow tumbling 

spectrum is revealed (trace c of Figure 5).  
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Scheme 2. Possible isomers of [VO(7,8-dhf)2]
2− species formed by 7,8-dihyidroxyflavonate(2−) 

anion. With the numbers the position of O atoms on rings A and C is indicated, while with the 

subscripts a and b the two different ligands are denoted. 

 

The system VIVO2+/7,8-dhf/Lyz behaves in a similar but not coincident way with respect to those 

discussed above with quercetin and morin. Indeed, overall the EPR signals are rigid limit (trace b of 

Figure 5), suggesting that the interaction with the surface residues of lysozyme is strong, but 

isotropic resonances can be also revealed (indicated with the asterisks in Figure 5). This means that 

[VO(7,8-dhf)2]
2− distribute between the sites on the protein surface, giving a rigid limit EPR signal, 

and in aqueous solution, giving a slow tumbling spectrum (whose MI = −7/2, 7/2 resonances are 

indicated with an asterisk in Figure 5). In other words, the interaction between [VO(7,8-dhf)2]
2− and 

lysozyme is less strong than with [VO(que)2]
2− and [VO(mor)2] and a fraction of it remains free in 

solution.  
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Figure 5. X-band EPR spectra recorded at pH 7.40 on: a) binary system VIVO2+/7,8-dhf 1/2 at 77 K 

and  = 9.404 GHz (VIVO2+ concentration 5.0  10–4 M); b) ternary system VIVO2+/7,8-dhf/Lyz 

1/2/1 at 298 K and  = 9.834 GHz (VIVO2+ concentration 7.0  10–4 M) and c) binary system 

VIVO2+/7,8-dhf 1/2 at 298 K and  = 9.834 GHz (VIVO2+ concentration 7.0  10–4 M). The magnetic 

field in the upper axis refers to the trace a, and that in the lower axis to the traces b and c. With the 

dotted line the position of the MI = −7/2, 7/2 resonances of [VO(7,8-dhf)2]
2− at 77 K are indicated, 

while with the asterisks the isotropic signals at 298 K are shown. 

 

Docking calculations indicate that, coherently with the EPR spectra, the scoring values Fmax 

(17.16 for SPY-5-13 and 16.97 for SPY-5-12, Table 2) are lower than those of the VIVO complexes 

formed by quercetinate and morinate due to the minor number of hbond donor/acceptor groups 

(excluding the four coordinated O donors, only another O is present in the molecule, while que and 

mor have four O atoms). The solutions predicted by GOLD 5.2 are grouped, for both the isomers, 

mainly in one big cluster (I cluster in Table 2) and are situated close to the active site. The most 
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probable candidates for the interaction are the polar residues of arginine (Arg112) or tryptophan 

(Trp63). Figure 6 illustrates the poses with highest Fitness and population for the interaction of 

[VO(7,8-dhf)2]
2− with lysozyme. 

 

Table 2. Docking results of the interaction of [VO(7,8-dhf)2]
2- with lysozyme. 

Cluster a Interacting residue Distance O···X b Fmax 
c Fmean 

d Pop. e 

SPY-5-13 f 

I cluster 
VO1···Arg112(NH2) 2.050 

17.16 16.49 93/100 
Oa···Trp63(NH) 2.113 

II cluster VO1···Arg112(NH2) 2.160 16.41 – 1/100 

III cluster 
VO1···Arg112(NH2) 2.017 

15.01 14.98 2/100 
Ob···Trp63(NH) 1.471 

IV cluster VO1···Arg112(NH2) 2.081 14.76 14.68 2/100 

SPY-5-12 f 

I cluster 
Ob···Trp63(NH) 2.014 

16.97 16.34 98/100 
VO1···Arg112(NH2) 2.099 

II cluster Ob···Trp63(NH) 1.926 13.94 – 1/100 

III cluster Ob···Trp63(NH) 1.954 13.76 – 1/100 

a In the table only the clusters with the highest Fitness value are reported. b Distance in Å. c Fitness 

value for the most stable pose of each cluster (Fmax). 
d Mean Fitness value of the GoldScore scoring 

function for each cluster (Fmean). 
e Number of solutions in the identified cluster. f Isomer structure 

calculated with Gaussian 09 at the level of theory B3P86/6-311g. 
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Figure 6. The most stable pose predicted by GOLD 5.2 for the adducts formed by [VO(7,8-dhf)2]
2− 

with lysozyme: a) isomer SPY-5-13 and b) isomer SPY-5-12. 

 

The cluster distribution for the two possible isomers of [VO(7,8-dhf)2]
2− is represented in Figure 

S4 of Supporting Information. In this case it can be observed that the docking calculations predict 

the same binding site for SPY-5-13 and SPY-5-12 and the only difference is the relative orientation 

of the V species with respect to the protein. Chemical considerations suggest that, as pointed out for 

VIVO complexes for que and mor, [VO(7,8-dhf)2]
2− is not blocked indefinitely on these surface sites 

but that, with elapsing time, it passes from bound unbound states in the cleft of lysozyme 

polypeptide chain. 

 

 

(3). Systems VIVO2+/chr/Lyz and VIVO2+/5-hf/Lyz. Chrisin and 5-hydroxyflavone form with 

VIVO2+ ion at pH 7.4 square pyramidal species with the coordination of a keto-O and phenolate-

O−.37 The structures of the possible isomers SPY-5-12 and SPY-5-13 are shown in Scheme 3.  
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Scheme 3. Possible isomers of [VO(chr)2] and of [VO(5-hf)2] species formed by chrysinate(−) and 

5-hydroxyflavonate(–) anions. With the numbers the position of O atoms on the rings A and C is 

indicated, while with the subscripts a and b the two different ligands are denoted.  

 

EPR spectra measured at RT in the systems with VIVO2+, chrisin and lysozyme are reported in 

Figure S5 of Supporting Information. It can be noticed that the behavior changes completely with 

respect to the systems with quercetin, morin and 7,8-dihydroxyflavone. In particular, the spectrum 

recorded in the ternary system belongs to the slow tumbling type and is perfectly coincident with 

that of the binary system (cfr. traces a and b of Figure S5). This means that the interaction between 

[VO(chr)2] and Lyz is weaker than those revealed for the previous complexes and, in the EPR 

timescale, the bis-chelated V complex is present in aqueous solution and its rotational motion is not 

blocked nor slowed down. 

The results of the docking calculations for the interaction of the isomers SPY-5-13 and SPY-5-12 

of [VO(chr)2] with lysozyme are reported in Table S2, while Figure S6 shows the most stable poses. 

It can be observed that the residues involved in the hbond and vdW contacts are arginine (Arg73, 

Arg112), glutamate (Glu35), aspartate (Asp52, Asp101), asparagine (Asn59, Asn103), threonine 
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(Thr47), and tryptophan (Trp62, Trp63). The bond V=O points toward the protein, whereas for 

[VO(7,8-dhf)2]
2− is oriented outside (cfr. Figure S6 with Figure 6).  

 

 

Figure 7. Cluster distribution for the interaction of lysozyme with the complexes SPY-5-13-

[VO(chr)2] (a), and SPY-5-12-[VO(chr)2] (b). The six clusters for SPY-5-13 and the five clusters for 

SPY-5-12 isomer are represented with different colors. 

 

The cluster distribution of the isomers SPY-5-13 and SPY-5-12 is reported in Figure 7 with the 

different clusters shown with different colours. They are all concentrated in the cleft of the protein, 

but they are significantly scattered. This suggests a lack of specificity in the binding and, similarly 

to what observed for [VO(que)2]
2−, [VO(mor)2] and [VO(7,8-dhf)2]

2−, it can be supposed a dynamic 

equilibrium between the various binding sites at the protein surface. 

The EPR spectra of the VIVO2+/5-hf system are very similar to that described above for chrisin 

(Figure S7 of Supporting Information). In agreement with the EPR behavior, the docking 

calculations indicate that, for both the isomers SPY-5-13 and SPY-5-12, the scoring Fitness values 

are lower than for the species of que, mor and 7,8-dhf and comparable with those of chr (Table S3). 
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For all the clusters, the strongest interaction is between the V=O and peptide NH group of Val109 

or side-chain of Trp62, Trp63, and Arg112 (Table S3). Figure S8 illustrates the pose with highest 

Fitness and population for the interaction of the two isomers of [VO(5-hf)2] with lysozyme. 

Similarly to the solutions of [VO(chr)2], the V=O bond points toward the protein. The cluster 

distribution is shown in Figure S9. As found for [VO(chr)2], the most stable poses are in the cleft of 

the protein and indicate the presence of more than one binding site. This would suggest that [VO(5-

hf)2], as a function of the time, binds to different residues around the cleft. On the basis of EPR 

data, which indicate that the spectrum is slow-tumbling, it can be inferred that this interaction is so 

weak that most of V exists in solution as free complex. 

 

 

(4). Systems VIVO2+/acac/Lyz and VIVO2+/cat/Lyz. At physiological pH acetylacetonate(−) and 

catecholate(2−) form stable square pyramidal VIVO complexes with composition [VO(acac)2] and 

(CO, O−) coordination mode,49 and [VO(cat)]2− and (O−, O−) coordination mode,50 respectively, as 

demonstrated by X-ray diffraction analysis. Since the ligands are symmetrical, no isomers are 

possible (Scheme 4).  

 

 

Scheme 4. Structure of [VO(acac)2] and [VO(cat)2]
2− species formed by acetylacetonate(−) and 

catecholate(2–) anions.  

 

The EPR spectra recorded in the system containing VIVO2+ ion, cat and lysozyme are shown in 

Figure 8, while those in the system with VIVO2+ ion, acac and lysozyme in Figure S10 of Supporting 
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Information. It can be noticed that for these two systems, similarly to those with chr and 5-hf, the 

spectra recorded in the binary and ternary system are identical, suggesting that the interaction with 

the protein is very weak. In contrast with chr and 5-hf, the spectra are not of the slow-tumbling type 

and are perfectly isotropic.  

 

 

Figure 8. X-band EPR spectra recorded at pH 7.40 on: a) ternary system VIVO2+/cat/Lyz 1/2/1 at 

298 K and  = 9.853 GHz (VIVO2+ concentration 7.0  10–4 M) and b) binary system VIVO2+/cat 1/2 

at 298 K and  = 9.853 GHz (VIVO2+ concentration 7.0  10–4 M).  

 

For [VO(cat)]2−, GOLD predicts a very low binding affinity for all the solutions found in the four 

clusters, with the first being the more populated. The absence of hbond donors/acceptors groups and 

the limited possibility to form vdW interactions determine the very low value of Fmax. From the data 

in Table 3, it emerges that the only polar residue involved in the interaction is tryptophan (Trp62, 

Trp63). The best pose is shown in Figure 9, while the cluster distribution is illustrated in Figure S11 

of Supporting Information. 
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Table 3. Docking results of the interaction of [VO(cat)2]
2− with lysozyme.a 

Cluster  Interacting residue Distance O···X c Fmax 
d Fmean 

e Pop. f 

I cluster VO1···Trp63(NH) 1.945 10.63 10.39 81/100 

II cluster VO1···Trp63(NH) 1.674 10.57 10.36 6/100 

III cluster VO1···Trp63(NH) 1.884 10.51 10.35 7/100 

IV cluster VO1···Trp62(NH) 2.063 10.01 10.00 2/100 

a Structure of [VO(cat)2]
2− simulated with Gaussian 09 at the level of theory B3P86/6-311g. b In the 

table only the clusters with the highest Fitness value are reported. c Distance in Å. d Fitness value 

for the most stable pose of each cluster (Fmax). 
e Mean Fitness value of the GoldScore scoring 

function for each cluster (Fmean). 
f Number of solutions in the identified cluster.  

 

 

Figure 9. The most stable pose predicted by GOLD 5.2 for the adduct formed by [VO(cat)2]
2− with 

lysozyme. 

 

The results obtained with [VO(acac)2] are reported in Table S4 of Supporting Information (docking 

data for the interaction with lysozyme) and Figure S12 (best pose for the adduct formed with 

lysozyme). In perfect analogy with the complex formed by catecholate, the docking simulations 

predict a large cluster for the binding of [VO(acac)2] to lysozyme with very low affinity. For this 

only solution an hbond interaction between the VO and NH group of Trp63 residue is predicted 

(Figure S12). 
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(5). Rationalization of the data. The experimental results discussed in the previous sections 

present a gradual variation of the EPR spectra which can be related to the strength of the interaction 

between the square pyramidal complexes VOL2 and the accessible residues on the lysozyme 

surface. In particular, the spectra recorded at room temperature are rigid limit for [VO(que)2]
2− and 

[VO(mor)2] (Figures 1 and S1 of Supporting Information), rigid limit but with isotropic resonances 

for [VO(7,8-dhf)2]
2− (Figure 5), of the slow tumbling type for [VO(chr)2] and [VO(5-hf)2] (Figures 

S5 ans S7), and isotropic for [VO(acac)2] and [VO(cat)2]
2− (Figures 8 and S10). On the basis of 

these results, the order of strength of the interaction can be summarized in this manner: 

[VO(que)2]
2− ~ [VO(mor)2] > [VO(7,8-dhf)2]

2− > [VO(chr)2] ~ [VO(5-hf)2] > [VO(acac)2] ~ 

[VO(cat)2]
2−.  

The docking calculations allowed us to rationalize the EPR data through the evaluation of the 

GoldScore scoring function F and, in particular, of the terms related to the hbond and vdW 

intermolecular interactions (
ext
hbondS  and 

ext
vdWS , respectively, in eq. 1). The results are reported in 

Table 4.  

 

Table 4. Docking parameters for VIVO complexes examined in this study. 

VIVO complex Isomer 
EPR spectrum in 

the ternary system 

Free OH / 

CO groups 
Fmax a 

Range of 

Fmean b 
ext
hbondS c 

0.3 × 
ext
vdWS d 

[VO(mor)2] SPY-5-13 rigid limit 4 / 0 22.66 18.61-21.32 14.72 8.09 

 SPY-5-12  4 / 0 21.52 16.62-19.33 13.18 8.74 

[VO(que)2]2− SPY-5-13 rigid limit 3 / 1 21.95 18.13-21.26 15.21 6.91 

 SPY-5-12  3 / 1 19.47 17.63-18.96 12.49 7.29 

[VO(7,8-dhf)2]2− SPY-5-13 rigid limit with 

isotropic 

resonances 

0 / 1 17.16 14.68-16.49 11.92 5.24 

 SPY-5-12 0 / 1 16.97 16.34 11.87 5.10 
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[VO(chr)2] SPY-5-13 Slow-tumbling 1 / 0 15.90 14.18-14.87 6.00 9.96 

 SPY-5-12  1 / 0 15.49 13.03-14.31 6.56 9.33 

[VO(5-hf)2] SPY-5-13 Slow-tumbling 0 / 0 15.97 13.57-14.59 6.00 9.97 

 SPY-5-12  0 / 0 13.80 11.93-13.08 6.00 7.80 

[VO(acac)2] e Isotropic 0 / 0 12.50 − 6.00 2.94 

[VO(cat)2]2− e Isotropic 0 / 0 10.36 10.00-10.39 6.00 4.63 

a Fitness value of the GoldScore scoring function (see eq. 1) for the most stable pose of each cluster 

(Fmax). 
b Range of the mean Fitness value of the GoldScore scoring function (see eq. 1) for each 

cluster (Fmean). 
c Scoring term related to the intermolecular hbond. d Scoring term related to the vdW 

intermolecular interactions. e Only one isomer is possible. 

 

The data can be ordered on the basis of the values of the GoldScore scoring function Fmax 

(scoring of the most stable pose of the cluster) or Fmean (mean scoring value of the cluster). Fmax (se 

eq. 1) consists of the contributions of the hydrogen bond and van der Waals terms; for [VO(mor)2], 

[VO(que)2]
2− and [VO(7,8-dhf)2]

2− 
ext
hbondS  is larger than 

ext
vdWS  (approximately twice), while for 

the other four compounds the opposite trend is predicted. A value of Fmax in the range 16-17 marks 

the transition from a rigid limit (strong interaction with all VIVO species bound on the protein 

surface) to a slow tumbling or an isotropic (weak or no interaction with most of VIVO complex 

unbound and free to rotate in solution) EPR spectrum. Such a transition is easily observable 

comparing the spectra of the systems VIVO2+/7,8-dhf/Lyz and VIVO2+/chr/Lyz (cfr. Figure 5 and S5 

of Supporting Information). The value of 
ext
hbondS , and hence of Fmax, follows the number of free 

OH or CO groups (i.e. groups not involved in the VIVO2+ binding) on the structure of the ligands: 

these are four in the ligands which give the strongest interaction (que and mor) and none in those 

which do not show interaction (5-hf, acac and que). Interestingly, 7,8-dhf and chr – which have one 

group potentially able to form intermolecular hydrogen bonds (CO for 7,8-dhf and OH for chr) – 

give a different spectrum, rigid limit in the first case and slow-tumbling in the second one (cfr. trace 

b of Figure 5 and trace a of Figure S5); this would suggest that for these ligands the presence of a 

C=O instead of O−H group favors the interaction of the VIVO complex with the surface residues. 
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However, besides the groups which could give hbond or vdW contacts, also the shape and size of 

the complex have certainly a role in determining the mode of interaction with the surface protein 

residues.  

 

 

 

Conclusions 

The interaction with the proteins influences the transport, uptake and mechanism of action of 

metal species with pharmacological action. Two types of binding are expected for a metal 

complexes formed by an organic ligand L: i) a covalent binding, where the protein replaces with 

one of more amino acid residues the ligand L or a weak coordinated molecule, such as water, 

forming one or more coordination bonds and ii) a non-covalent binding, where the metal complex 

interacts through secondary interactions, such as van der Waals and hydrogen contacts, with the 

accessible groups on the protein surface.  

VIVO complexes are known in the literature for their antidiabetic and antitumor properties. For 

cis-[VOL2(H2O)] compounds, where L is a bidentate monoanionic ligand, the proteins replace the 

water ligand with His-N or Asp/Glu-COO residues. This covalent interaction was discussed 

recently by our group through the combination of EPR and computational (docking and QM/MM) 

techniques.24 The study of non-covalent interactions is probably more complicated and the 

combined application of several techniques – such as EPR, ESEEM, ENDOR, UV-Vis and CD 

spectroscopy, gel-electrophoresis, MALDI-TOF, SAXS, size-exclusion chromatography, 

polarography and voltammetry – is necessary.  

In this work, a combination of EPR and docking techniques was applied to study the interaction 

between square pyramidal VOL2 complexes (some of them with potential anticancer application) 

and lysozyme. All the complexes examined here are thermodynamically stable at physiological pH, 

but an interaction of VOL2 with the residues on the protein surface could take place. EPR 
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spectroscopy gives a good description of the strength of such an interaction because at room 

temperature a rigid limit spectrum is expected when the non-covalent binding is strong enough to 

block the metal species on the protein surface (hindering the rotational motion in the EPR 

timescale) and a slow-tumbling or an isotropic spectrum when the binding is weak and the 

complexes are free to rotate in solution.  

Docking methods provide valuable insights into the possible binding sites of V species on the 

protein surface. Comparing the computational with EPR data, we were able to find a good indicator 

to measure the strength of this interaction., i.e. the scoring of the most stable pose of the cluster 

Fmax, which allows to mark the transition from a rigid limit (strong interaction) to a slow tumbling 

or an isotropic (weak or no interaction) EPR spectrum. Carefully working under the limitation of 

the docking capabilities (i.e. scoring function validity for surface interactions), we could establish a 

chemically relevant hypothesis for this relative affinity. We suggest that it is function of the number 

of OH or CO groups, present in the ligand structure and not involved in the VIVO2+ binding, able to 

form hydrogen bonds with the polar groups on the protein surface. Moreover, our results can be 

explained postulating a dynamical equilibrium between the various binding sites with the V species 

which distribute among such sites (giving a rigid limit EPR spectrum) and in aqueous solution 

(where they are free to rotate giving a slow tumbling or isotropic spectrum).  

Overall, the results obtained with this EPR-docking strategy shed light on the interaction of V 

species and proteins when no coordination bounds are formed. We believe that this integrative 

spectroscopic and computational approach could be generalized to other metal complex systems, 

replacing the information of EPR spectroscopy with those of other instrumental/spectroscopic 

techniques and lysozyme with other proteins.  

 

 

 

Supporting Information 
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Tables with docking results for [VO(mor)2], [VO(chr)2], [VO(5-hf)2] and [VO(acac)2] (Tables S1-

S4), figures with the EPR spectra of the systems VIVO2+/mor/Lyz, VIVO2+/chr/Lyz, VIVO2+/5-hf/Lyz 

and VIVO2+/acac/Lyz (Figures S1, S5, S7, S10), with the cluster distribution for the interaction of 

lysozyme with [VO(mor)2], [VO(7,8-dhf)2]
2−, [VO(5-hf)2] and [VO(cat)2]

2− (Figures S2, S4, S9, 

S11), with the most stable pose predicted for [VO(mor)2], [VO(chr)2], [VO(5-hf)2] and [VO(acac)2] 

(Figures S3, S6, S8, S12), and examples of input and output files of GOLD 5.2.  
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