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Abstract: Human serum albumin (HSA) is involved in the transport 

of metal ions and potential metallodrugs. Depending on the metal, 

several sites are available, among which N-terminal (NTS) and multi-

metal binding site (MBS). Despite the large number of X-ray 

determinations for albumins, only one structure with Zn2+ is available. 

In this work, the binding to HSA of VIVO2+ ion was studied by an 

integrated approach based on spectroscopic and computational 

methods, which allowed to completely characterize the systems 

even in the absence of an X-ray analysis. The behaviour depends on 

the type of albumin, defatted (HSAd) or fatted (HSAf). With HSAd 

‘primary’ and ‘secondary’ sites were revealed, NTS with (His3, His9, 

Asp13, Asp255) and MBS with (His67, His247, Asp249, Asn99 or 

H2O); with increasing the ratio VIVO2+/HSAd, ‘tertiary’ sites, with one 

His-N and others donors (Asp/Glu-O or carbonyl-O) are populated. 

With HSAf, fatty acids (FAs) cause a rotation of the domains I and II, 

which results in the formation of a dinuclear ferromagnetic adduct 

(VIVO)D
2(HSAf) with a -Asp249 and the binding of His247, Glu102, 

Glu252 and His67 or Asn99. FAs hinder also the binding of VIVO2+ to 

the MBS. 

Introduction 

Human serum albumin (HSA) is the most abundant protein in 

the blood plasma. Together with human serum transferrin (hTf), 

it transports in the organism most of the essential metal ions and 

their compounds, among which metal based potential inorganic 

drugs.[1] Moreover, HSA can bind toxic metals, fatty acids (FAs) 

and endogenous and exogenous ligands.[2] Despite the large 

number of X-ray determinations (XRD) of human and animal 

albumin (around 100 in the Protein Data Bank, PDB), only one 

structure with a metal ion, Zn2+, is available.[3] 

The binding sites of certain essential (Zn2+, Cu2+) or toxic (Ni2+, 

Cd2+) metal ions have been identified, while less is known about 

the binding of other metal ions.[4], [5], [6] HSA contains two main 

sites: the N-terminal site (NTS or ATCUN motif),[4] and the multi-

metal binding site (MBS or site A).[7] The NTS is present in most 

of all the albumins with a histidine in the third position such as 

HSA, bovine (BSA) and rat (RSA) serum albumin and is the 

preferential site for Cu2+ and Ni2+ ions with the coordination of 

the terminal amino-NH2, the deprotonated amide-N– of residues 

2 and 3 and imidazole-N of His3. The MBS is located at the 

interface of subdomains IA and IIA and is the primary site for 

Zn2+ and other bivalent ions,[5] with the binding of His67, His247, 

Asn99 and Asp249. Furthermore, other two sites were identified: 

site B, where Cd2+ and also Co2+ are bound by one His and 

several carboxylate of Asp or Glu residues,[6], [8], [9], [10] and Cys34 

– the only free thiol of HSA not engaged in intramolecular 

disulfide bridges – that binds Au and Pt compounds with 

deprotonated -SH group.[11], [12], [13] 

The relationship between the binding of fatty acids (FAs) 

and some metal ions was suggested:[5, 14], [15] it is proved 

that Zn2+ coordination to the MBS can be hindered by the 

binding of fatty acids at site FA2 (one of the sites with 

highest affinity for FAs) inducing a rotation of the 

subdomains where the MBS is located and separating the 

Zn2+ coordinating amino acids. Such conformational 

changes can influence the binding of other metal ions and, 

therefore, the transport properties of albumin.  

Among the most promising metals with pharmacological 

applications, VIVO2+ has shown very interesting anti-diabetic 

and anti-tumoral properties.[16] After oral or intravenous 

administration, these vanadium-containing potential drugs 

reach the bloodstream where VIVO2+ can be released, 

mainly at low drug concentrations found in the organism, 

and could interact – other than with hTf – with albumin. 

Therefore, the study of the binding of VIVO2+ with HSA 

assumes great importance since it could affect the transport 

of V complexes, and the amount and chemical form which 

reach the target organs.  

In the literature several papers were published on the 

interaction of VIVO2+ with HSA in its two forms, with or 

without FAs fatty acids (here designed as HSAf and 

HSAd);[17] some proposals were advanced about the sites 

involved in the metal binding, but the systems are far from 

being fully characterized. Chasteen and Francavilla 

measured the relative intensity of the EPR resonances of 

VIVO2+ aquaion and VIVO2+–albumin adducts as a function of 
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VIVO2+/albumin ratio; with this procedure, they determined 

the number of the binding sites and their respective binding 

constants, distinguishing one “strong” and at least five 

“weak” binding sites.[17a] Subsequently, these sites were 

named VBS1 and VBS2, respectively.[17i], [18] Some authors 

suggested the involvement of the NTS in the metal 

coordination,[17i] while evidence based on competition 

studies between Zn2+ and VIVO2+ indicated that VIVO2+ has 

two types of binding sites and one of them may correspond 

to the MBS (VBS1).[19] Moreover, EPR spectra recorded on 

an equimolar solution VIVO2+/HSAf suggested a triplet state 

(S = 1), due to the ferromagnetic interaction of two metal 

ions in a dinuclear adduct designed as (VIVO)D
2(HSA), 

where D stands for dinuclear;[17f], in contrast, when the ratio 

VIVO2+/HSAf was  2:1, the EPR resonances were attributed 

to various “weak” sites in a multinuclear complex 

(VIVO)x
M(HSA) with S = 1/2, withand M means 

mononuclear, in which the VIVO2+ ions are not magnetically 

interacting and are bound to different regions of protein.[17f], 

[17a], [19] On the basis of EPR intensity, Costa Pessoa and 

coworkers affirmed that most of the paramagnetic V centers 

were non-detectable even at VIVO2+/HSA ratio of 4/1 and 

concluded that the revealed VIVO complexes are minor 

species in equilibrium with the dimer (VIVO)D
2(HSA) and 

hydrolytic products of VIVO2+.[19] However, these 

conclusions were drawn considering equivalent the 

behavior of HSAd and HSAf. Here, we will demonstrate that 

this latter statement is not correct and fatted and defatted 

HSA differ for their metal binding properties. 

In the light of these data, several issues remain to be 

explained: i) the influence of the FAs fatty acids in the 

formation of the metal adducts; ii) the nature of the “strong” 

site (VBS1) and if this corresponds to the NTS or MBS; iii) 

the structure of the dinuclear adduct (VIVO)D
2(HSAf); iv) the 

vanadium coordination environment in the “weak” sites 

VBS2 in (VIVO)x
M(HSA). In this paper, the systems 

VIVO2+/HSAd and VIVO2+/HSAf were studied to unveil these 

unclear pointsaspects and examined at a molecular level 

using an integrated spectroscopic and computational 

multiscale approach. EPR spectroscopy allows the 

recognition of the type of amino acid donors involved in the 

metal coordination (for example, His-N, Asp/Glu-COO, or 

carbonyl-CO, etc.) but not the specific residues nor the 

three-dimensional structure.[20] [21] Computational methods 

represent a valuable complementary tool to predict the 

binding sites and provide with their three dimensional 

models. Specifically, Density Functional Theory (DFT), 

Molecular and Quantum Mechanics (MM and QM) based 

methodologies as well as Molecular Dynamics (MD) and 

pattern recognition analysis techniques can be used to 

address the main steps during the metal–protein 

recognition process.[22] 

The results allowed to fully characterize the behavior of the 

two systems and to clarify the number and properties of the 

vanadium binding sites, even in the absence of an XRD. 

They could provide for useful information about the 

transport of vanadium and vanadium compounds in the 

organism. Finally, this approach may be applied to other 

systems formed by a metal ion and a protein, for which an 

XRD is not available. 

Results and Discussion 

VIVO2+ binding to defatted human serum albumin (HSAd) 

EPR spectra were recorded on the system VIVO2+/HSAd as 

a function of the molar ratio and pH. In these experiments 

HSAd from Sigma-Aldrich with codes A1887 and A3782 

were used. In Fig. 1 the spectra measured on an equimolar 

solution containing A1887 are shown; all the full spectra 

together with the simulations with the software WINEPR 

SimFonia[23] to extract their spin Hamiltonian parameters 

are reported in Figs. S1-S4 of the SI. In contrast with what 

was previously reported by some of us on HSA containing 

FAs fatty acids,[17f, 17h, 24] only the signals of mononuclear 

VIVO2+ complexes with S = 1/2 were detected. It can be 

observed the formation of one species at pH 5.35 (indicated 

with IV in Fig. 1) and three additional adducts at pH > 6.40 

(I, II and III). The values of Az are 171.2 × 10–4 cm–1 for IV, 

162.9 × 10–4 cm–1 for I, 166.4 × 10–4 cm–1 for II and 169.0 × 

10–4 cm–1 for III. The spin Hamiltonian parameters are listed 

in Table S1 of the SI. The data can be explained postulating 

that at acidic pH − when histidines are still protonated and 

cannot interact with the metal ion − the equatorial 

coordination positions are occupied by O-donors, for 

example carboxylate groups of Asp and/or Glu residues, 

amidic groups of the backbone and Asn and/or Gln or H2O 

(IV). An increase of pH causes a spectral change due to the 

binding of stronger donors such as His-N (I, II and III) and 

these adducts become predominant at pH = 7.40. The first 

two sites populated at physiological pH are I and II, with a 

slight preference for I (named here 'primary' site) with 

Figure 1. High field region of the X-band anisotropic EPR spectra 

recorded on frozen solutions (120 K) containing VIVO2+/HSAd at: a) 

ratio 1/1, pH 5.35; b) ratio 1/1, pH 6.40; c) ratio 1/1, pH 7.40 and d) 

ratio 4/1, pH 7.40. With I, II, III and IV the MI = 7/2 resonances of 

the sites NTS, MBS, ‘tertiary’ (sites B) and ‘quaternary’ are 

indicated. VIVO2+ concentration was 7.5 × 10–4 M for the 1/1 ratio 

and 1.0 × 10–3 M for the 4/1 ratio. HSAd used was a Sigma-Aldrich 

product with code A1887. 
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respect to II ('secondary' site). On the basis of the “additivity 

relationship”, the empirical rule verified for a lot of VIVO 

complexes which allows estimating the 51V hyperfine 

coupling (HFC) constant along the z axis (Az
estmtd) from the 

sum of the contributions of each equatorial donor within ~3 

× 10–4 cm–1 from the experimental value,[20] the Az's for I 

and II are compatible with two His-N plus a number of O-

donors stemming from carboxylates (Asp and/or Glu 

residues), carbonyl or water. In contrast, for III, the weaker 

site or ‘tertiary’ site, the coordination of only one His is 

expected. 

The relative strength of the two stronger binding sites I and 

II with respect to III was confirmed by the comparison of the 

EPR spectra at physiological pH recorded as a function of 

VIVO2+/HSAd ratio (Fig S5 of the SI): whereas the 

resonances I and II are detected when the spectrum is 

acquired at VIVO2+/HSAd 1/1 ratio, increasing the ratio up to 

4/1 a broader band, composed by I and II plus the 

resonances of III, is observed (see also trace d of Fig. 1), 

suggesting that when I and II sites with two histidines bound 

to the metal are occupied, the additional VIVO2+ equivalents 

are distributed between the weaker ‘tertiary’ sites 

supposedly characterized by only one His and O-donors. 

To get more information on the VIVO2+ binding sites 

location, EPR competition studies were carried out with 

Zn2+ and Ni2+ ions (Fig. 2). The full spectra are represented 

in Figs. S6-S12 of the SI. To interpret the data, it is 

necessary to premise that in the defatted human serum 

albumin the MBS is preserved and that zinc binds 

specifically to this site, while nickel to the NTS motif. The 

addition of one equivalent of Zn2+ to a solution containing 

VIVO2+ and HSAd with a 1/1 molar ratio does not result in a 

significant change of the position and intensity of EPR 

resonances for the sites I and II (trace b of Fig. 2), 

suggesting a slight competition between the two metals and 

that VIVO2+ remains bound to the 'primary' site I. Only 

increasing the Zn2+/VIVO2+ ratio up to 2/1 and 4/1, 

appreciable changes were observed (traces c and d of Fig. 

2). In contrast, the addition of one equivalent of Ni2+ is 

enough to remove from the 'primary' binding site VIVO2+ that 

remains bound to the sites II and III (trace e of Fig. 2), 

confirming the conclusions of Costa Pessoa and 

coworkers.[19] To further validate this hypothesis, similar 

EPR experiments were performed using porcine serum 

albumin (PSA) that presents Tyr3 instead of His3 as the 

third residue of the polypeptide chain, making the NTS not 

available for the metal coordination and forcing the metal 

ions to bind to the MBS. The results on the system 

VIVO2+/PSA allowed us to do a very important observation: 

the resonances I were lacking and only those indicated with 

II were revealed (trace f of Fig. 2). When one equivalent of 

zinc is added to this system (trace g of Fig. 2), Zn2+ is able 

to remove quantitatively VIVO2+ from binding site II, in 

contrast with the behavior of HSAd for which there is no 

significant competition; in this system only the resonances 

of the weak site III are detected. These data, taken 

together, indicate that the ‘primary’ strong VIVO2+ binding 

site is located at the NTS of HSAd (resonances indicated 

with I), while the ‘secondary’ site (II) could be found in the 

interdomain IA and IIA region and is identified with the 

MBS, both of the sites involving the coordination of at least 

two histidine side chains. Non-specific additional ‘weak’ 

binding sites, involving the coordination of one histidine and 

O-donors (resonances III), also exist in HSAd. Finally, the 

resonances denoted with IV at pH < 6 can be attributed to 

the sites with coordination of only O-donors from Asp, Glu, 

Asn, Gln or from CO of the backbone. 

Starting from the spectroscopic information, the interaction 

with VIVO2+ and HSAd was examined with a multiscale 

computational approach: i) a complete model for the 

defatted albumin adding the last five N-terminal missing 

amino acids to the X-ray structure PDB 1AO6 of the free 

HSAd structure was generated; ii) the model was minimized 

and subsequently 100 ns of Molecular Dynamics (MD) were 

carried out to relax the new portion introduced (the RMSD 

plots of the trajectories were shown in Figs. S13 and S14 of 

the SI); iii) the MD trajectory was clustered and the 

representative structures of each pull of snapshots probed 

for zones in which at least two histidine residues featured - 

and -carbons within a range of distances from each 

queried grid point of 2.6-6.4 and 3.4-7.2 Å, respectively;[25] 

iv) the models that satisfied these criteria were further 

evaluated with docking calculations;[26] v) docking solutions 

were refined at full Quantum Mechanics (QM) level of 

theory and this step was followed by Density Functional 

Theory (DFT) simulations of the EPR HFC constants Az that 

were compared with the experimental ones.  

Figure 2. High field region of the X-band anisotropic EPR spectra 

recorded at pH 7.4 on frozen solutions (120 K) containing: a) 

VIVO2+/HSAd 1/1; b) VIVO2+/Zn2+/HSAd 1/1/1; c) VIVO2+/Zn2+/HSAd 1/2/1; 

d) VIVO2+/Zn2+/HSAd 1/4/1; e) VIVO2+/Ni2+/HSAd 1/1/1; f) VIVO2+/PSA 1/1 

and g) VIVO2+/Zn2+/PSA 1/1/1. With I, II and III the MI = 7/2 resonances of 

the sites NTS, MBS and ‘tertiary’ (sites B) are indicated. VIVO2+ 

concentration was 7.5 × 10–4 M in all cases. HSAd used was a Sigma-

Aldrich product with code A1887. 
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Only two of the ten total clusters were found to have the 

necessary preorganization to bind the VIVO2+ ion with at 

least two His side chains. The regions containing two 

potential N-donors were: the interdomain MBS involving 

His67 and His247 and the N-terminal site (NTS) with His6 

and His9 side chains, that are sufficiently close to each 

other. Docking calculations were performed in these 

regions considering flexible histidines and neighboring 

residues (in a radius of 5 Å). Both  and  histidine 

tautomers were taken into account. Taking into account the 

EPR evidences the possibility to bind to the deprotonated 

ATCUN motif (NH2, N–, N–, His3-N) has not been taken into 

account (vide infra). Preliminary dockings were performed 

activating all the four equatorial coordination positions in 

order to examine the case as general as possible. ForIn the 

solutions with the metal binding fromby three protein 

donors, the first coordination sphere was completed adding 

a water molecule and docking calculations were repeated to 

confirm the results using the moiety VIVO(H2O)2+, with three 

activated equatorial positions instead of the ‘bare’ VIVO2+ as 

the ligand fragment for the protein.  

In the N-terminal region four binding modes – named NTS-

, NTS-, NTS- and NTS- – were identified with (His3-N, 

His9-N, Asp13-COO, Asp255-COO), (His3-N, His9-N, 

Asp13-COO; H2O), (His3-N, His9-N, Glu6-COO; H2O) and 

(His3-N, His9-N, His9-CO; H2O) coordination, respectively 

(in Fig. 3 the structures obtained after the QM refinement 

are represented). The docking assay (summarized in Table 

S2 of the SI) suggests that NTS-α is the most stable binding 

mode with Fmax and Fmean higher than 60 GoldScore units. 

The affinity of the modes NTS-β and NTS- results lower 

more than 10 GoldScore units compared to NTS-α, while 

the lowest scoring for the mode NTS- is coherent with the 

decrease in the donor strength replacing a carboxylate with 

a carbonyl donor. 

Concerning the interdomain region, the results showed two 

potentials VIVO2+ binding modes at the MBS site (indicated 

with MBS1 and MBS2 in Table 1) with the donor sets (His67-

N, His247-N, Asp249-COO; H2O) and (His67-N, His247-N, 

Asn99-CO, Asp249-COO) (Fig. 4 with the QM refined 

structures). In these adducts, the fourth equatorial position 

could be occupied by a water molecule or the amide 

oxygen of Asn99. To further validate the reliability of the 

docking approach and to discriminate between the four 

possible solutions at the NTS and two at the MBS region, 

the most stable docking solutions were refined by QM 

cluster method proposed by Siegbahn and Himo[27] 

(structures represented in Figs. 3 and 4). The value of 

Ebinding for the sites NTS and MBS was calculated for 

reactions 1 and 2: 

 

[VO(H2O)4]2+ + Site ⇄ VO(Site) + 4 H2O (1) 

[VO(H2O)4]2+ + Site ⇄ VO(Site)(H2O) + 3 H2O (2) 

 

Table 1  'Primary' (NTS) and 'secondary' (MBS) binding sites of HSAd for VIVO2+ ion refined by QM methods, experimental, estimated 

and calculated Az values, and electronic energies.. 

Site Donors V−N [a] V−O [a] V−OH2 [a] Az
estmtd [b,c] Az

calcd [b,d] Ebinding [e] 

NTS- His3, His9, Asp13, Asp255 2.236, 2.199 1.975, 2.080 – -165.0 [f] -163.7 [d] -31.7 

NTS- His3, His9, Glu6; H2O 2.126, 2.107 1.970 2.103 -168.8 [f] -165.8 [d] -18.4 

NTS- His3, His9, Asp13; H2O 2.147, 2.150 1.995 2.071 -168.8 [f] -170.4 [d] -20.9 

NTS- His3, His9, His9-CO; H2O 2.162, 2.111 2.097 2.046 -170.5 [f] -175.3 [d] -10.2 

MBS1 His67, His247, Asp249; H2O 2.108, 2.112 2.046 2.064 -168.8 [g] -165.2 [e] -26.2 

MBS2 His67, His247, Asp249, Asn99-CO 2.135, 2.154 1.964, 2.034 – -166.7 [g] -169.5 [e] -32.9 

[a] Distance in Å. [b] Az measured in 10–4 cm–1 units. [c] Az estimated with the "additivity relationship". [d] Az calculated with DFT 

methods. [e] Ebinding in kcal/mol. [f] Experimental value for the NTS site is -162.9 × 10–4 cm–1. [g] Experimental value for the MBS site 

is -166.4 × 10–4 cm–1. 

 

Figure 3. QM refined binding modes for VIVO2+ ion at the N-

terminal region of HSAd: a) mode NTS-; b) mode NTS-; c) mode 

NTS- and d) mode NTS-. 

Figure 4. QM refined binding modes for VIVO2+ ion at the MBS 

region of HSAd: a) MBS1 and b) MBS2. 
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To exclude any bias of the docking simulations, in 

molecular dynamics (MD) the metal bond forces and 

equilibrium parameters were calculated for the solution at  

MBS2, and the system submitted to additional 100 ns of MD 

to relax the structure and exclude that the low scoring could 

be originated from a non-correct starting orientation of the 

amino acid side chains.  

The final values of Ebinding for the NTS are -31.7 kcal/mol 

(mode NTS-), -18.4 kcal/mol (NTS-), -20.9 kcal/mol 

(NTS-), -10.2 (NTS-), -26.2 kcal/mol (MBS1) and -32.9 

kcal/mol (MBS2), see Table 1. The results are in good 

agreement with those based on pure scoring and 

population of GoldScore terms and indicate that in all the 

six cases Ebinding is negative. The order of binding energy 

is MBS2  NTS- > MBS1 >> NTS-  NTS- > NTS-, 

which means that the binding modes MBS2 and NTS- will 

be preferred compared to other ones. QM refinement 

involve an improvement of the prediction of the angles and 

distances, which approach those expected for V–

N(imidazole), V–O(carboxylate) and V–O(water) bonds 

(Table 1).[28] Overall, the possible sites predicted resemble 

that of V-substituted carboxypeptidase, which has two His 

(one parallel and one perpendicular to V=O bond), one Glu 

and one H2O and is characterized by Az of 165.9 × 10−4 

cm−1,[29] close to those experimentally measured for the 

resonances I (attributed to the NTS) and II (MBS).  

Furthermore, the Az values for the NTS and MBS sites 

were calculated predicted by DFT methods – that today 

allow to predict the HFC constants for paramagnetic metals, 

and vanadium in particular, with high accuracy [30], [31] – and 

compared with the experimental ones (Table 1). Overall, 

these data and those for Ebinding suggest that in the N-

terminal region the most stable site is NTS-, while the two 

best options for MBS (MBS1 and MBS2) differ for the 

binding of CO group of Asn99 instead of a H2O molecule 

and can be considered alternative. The HFC constants 

were also estimated with the “additivity relationship”,[20] 

using the contribution taken from ref. [32], and the values of 

|Az|estmtd confirm these predictions(Table 1). 

To complete the description of the binding of VIVO2+ to 

HSAd, further docking calculations were carried out to find 

non-specific binding sites. Taking advantage by the recent 

paper by Handing et al.,[3] regions able to coordinate Zn2+ 

with at least one His and one O-donor were probed for 

binding with the VIVO(H2O)2+/VIVO(H2O)2
2+ moieties.  

As a result, the sites with the simultaneous coordination of 

(His367-N, Glu313-CO), (His510-N, Asp512-COO), 

(His338-N, Asp340-COO), (His535-N, Glu531-COO, 

Asn503-CO), (His288-N, Glu153-COO), and (His128-N, 

Glu131-COO) – the last two not found for Zn2+ ion[3] – were 

predicted and these could be responsible of the resonances 

indicated with III in Figs. 1 and 2. The values of docking 

parameters for these adducts are reported in Table 2 and 

their structures in Fig. S15 of the SI. These sites are 

reasonable candidates to represent could correspond to 

those named B in the literature, with one His-N plus O-

donors, which are the preferred by CoII and MnII and are the 

second choice for CdII.[5-6, 9-10, 15] On the basis of our results, 

it is important to note that B is not unique in the HSAd but 

comprises a number of similar binding sites that share the 

same chemical features. Remembering that Chasteen and 

Francavilla found five “weak” binding sites for VIVO2+ ion 

(named subsequently VBS2),[17a] it is reasonable to argue 

that they coincide with the six sites found by dockings and 

listed in Table 2. 

Finally, the adducts with coordination of only O-donors were 

examined. Among them, those with the coordination of 

three or two carboxylates, such as (Glu184, Asp187, 

Glu188) and (Glu97-COO, Glu100-COO), the same site 

found by Handing et al.[3] for Zn2+, are worth being 

mentioned (Table S3 and Fig S16 of the SI). However, 

other sites with carboxylate groups exist on the protein 

surface and these could also form adducts with the VIVO2+ 

ion. To these sites, named ‘quaternary’ and occupied 

before the deprotonation of histidine residues, can be 

attributed the EPR signals IV at pH < 6 (trace a of Fig. 1).  

Overall, the results can be summarized as follows. At acid 

pH the VIVO2+ ion occupies the ‘quaternary’ sites with the 

coordination of two or three Asp-COO and/or Glu-COO. 

When pH is around the neutrality, after the deprotonation of 

histidines, the binding mode changes and the ‘primary’, 

‘secondary’ and ‘tertiary’ sites become available. The 

‘primary’ and ‘secondary’ sites are observed at low 

VIVO2+/HSAd ratio (1/1) and correspond to the NTS with 

(His3, His9, Asp13, Asp255) coordination and MBS with 

(His67, His247, Asp249) plus the fourth binding of Asn99-

CO or H2O ligand. Notably, these two sites are the same as 

those determined by XRD for Zn2+ [3] with the difference 

that, for VIVO2+ and Zn2+, the stability order is inverted. 

These correspond to the sites named ‘strong’ by 

Table 2  'Tertiary' binding sites (sites B) of HSAd and HSAf for VIVO2+ ion determined by docking methods. 

Site Residues Coordination V−N [a] V−O [b] Fmax [c] Fmean [d] 

1 His367, Glu331; H2O, H2O [e] N, CO; H2O, H2O 1.979 2.597 36.2 33.9 

2 His510, Asp512; H2O, H2O [f] N, COO; H2O, H2O  2.193 2.273 30.5 27.8 

3 His338, Asp340; H2O, H2O [e] N, COO; H2O, H2O 2.091 2.606 31.4 28.7 

4 His535, Glu531, Asn503; H2O N, COO, CO; H2O 2.282 2.169, 2.249 41.0 40.6 

5 His288, Glu153; H2O, H2O [f] N, COO; H2O, H2O 2.352 2.174 36.4 34.9 

6 His128, Glu131; H2O, H2O [e] N, COO; H2O, H2O 2.346 2.192 30.3 27.5 

[a] Distance in Å. [b] Distance in Å (distance V–OH2 not reported). [c] GoldScore Fitness value obtained for the more stable pose of each 

cluster (Fmax). [d] Average value of GoldScore Fitness for each cluster (Fmean). [e] Water molecules trans to each other. [f] Water molecules 

cis to each other.  
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Chasteen,[17a] and VBS1 by Costa-Pessoa.[17i] The NTS is in 

the highly disordered N-terminal region of the protein and 

was found for Zn2+ with equine serum albumin (ESA), while 

with HSA the anomalous signal observed during the X-ray 

diffraction study in proximity of His9 and Asp13 could 

indicate the possible presence of the metal.[3] This explains 

why there is no competition between V and Zn at low molar 

ratio: in fact, the two metals occupy both the MBS 

(preferred by Zn2+) and NTS (slightly preferred by VIVO2+), 

respectively. When the molar ratio VIVO2+/HSAd is 

increased, then the ‘tertiary’ sites – formed by one His-N 

and another donor, such as carboxylate or carbonyl – 

become populated (sites B). These are sites defined ‘weak’ 

by Chasteen[17a] and VBS2 by Costa Pessoa.[17i]  

It is noteworthy that VIVO2+, in contrast with Cu2+ and Ni2+ 

ion, does not interact with ATCUN motif since the donor set 

(Asp1-NH2, N–, N–, His3-N), where N– denotes the 

deprotonated amide groups of residues 2 and 3, should 

give spin Hamiltonian parameters (gz = 1.960 and Az = 153 

× 10–4 cm–1 measured in the model system VIVO2+–

GlyGlyHis [33]) significantly different from those 

experimentally measured for HSA. The “additivity 

relationship”,[20, 32] suggests |Az|estmtd of 151.4 × 10–4 cm–1, 

very far from the values observed which are in the range 

(163-169) × 10–4 cm–1. Moreover, to induce the 

deprotonation of amide nitrogens in the tripeptide GlyGlyHis 

and reveal the (NH2, N–, N–, His-N), coordination, a ligand-

to-metal molar ratio of 15/1 must be used and this binding 

mode can be clearly detected only at pH > 7.5.[33] Similar 

findings were also reached by other authors.[17e]  

To confirm the data obtained with HSAd A1887, the 

experiments were repeated with albumin with code A3782. 

It shows the same complexation scheme with binding at 

physiological pH to the 'primary' and 'secondary' NTS and 

MBS plus, increasing the VIVO2+/HSAd ratio, the interaction 

with the 'tertiary' sites with only one His residue (Figs. S17 

and S18 of the SI).  

 

 

VIVO2+ binding to human serum albumin containing 

fatty acid (HSAf) 

As reported in the literature, the level of medium- and long-

chain FAs influence the binding of zinc and it was proposed 

that they act as a regulatory mechanism of its 

concentration. Among the seven sites were identified in 

HSA for medium- and long-chain FAs (from C10 to C18) 

named FA1-FA7 (plus two supplementary FA8 for short-

chain FAs and F9, available at a saturating FAs 

concentration.[15] Among them, the sites FA2, FA4 and FA5 

exhibit the highest affinity.[34] The binding of FAs to the site 

FA2, located at the interface of the subdomains IA and IIA, 

causes the rotation of these subdomains IA with respect to 

the subdomain IIA,[35] and the fact that disruption of the site 

A MBS moving away the coordinating amino acids.[5] [14] [36] 

Therefore, the site A or separating the coordinating amino 

acid of MBS that become is no longer available for Zn2+ or, 

in general, metal coordination after the binding of FAs. 

High levels of FAs have been associated to an alteration of 

the zinc homeostasis and the consequent increase of free 

Zn2+ in the blood serum related to the neurodegeneration 

and cellular death, to an increased risk of thrombosis and to 

the devolopment of various diseases, such as diabetes.[37] 

The distribution of FAs between the binding sites of HSA 

depends on the FAs concentration in the blood and on their 

chain length and unsaturation degree. In normal conditions, 

1 mol of human serum albumin transports from 0.1 to 2 mol 

of FAsfatty acids,[34] and only at elevated FAs 

concentrations more than 2 mol are bound to HSA and all 

the sites become occupied.[15, 38] Taking into account that a 

significant fraction of FAs bind to FA4 and FA5 (i.e., those 

with the highest affinity together with FA2), part of the MBS 

could remain unaltered and interact with the metal ions 

even in presence of FAs. Therefore, studying both the 

forms of albumin appears to be fundamental to completely 

understand the binding and transport of the metal ions.  

Some years ago, in the system VIVO2+/HSAf we reported the 

formation of a dinuclear species with spin state S = 1, 

(VIVO)D
2(HSAf) and several hypotheses on its structure 

were proposed.[17f, 19] The signals of this adduct were 

revealed for VIVO2+/HSAf ratio < 2 and are covered at higher 

ratios by the greater intensity of the resonances of 

mononuclear species with S = 1/2 (Fig. S19 of the SI). The 

results obtained with HSAf from Sigma-Aldrich with code 

A9511 were displayed also by HSAf with code A1653, 

indicating that the presence of long chain FAs determines 

the different complexation scheme compared to HSAd.  

We decided to give insight on the nature of the dinuclear 

species using computational techniques. Several PDB 

structures of HSA crystallized in presence of FA with 

different chain length were analyzed, paying particular 

attention to the relative position  of subdomains IA and IIA 

to find regions with at least two histidine residues able to 

coordinate a metal ion. This preliminary analysis show that: 

i) IA/IIA interdomain region does not present significant 

differences in the six structures analyzed from PDB (1E7I, 

1E7F, 1E7E, 1BJ5, 1GNJ, 1GNI) and ii) the regions 

containing the His-N donors are the same as HSAd, except 

for the MBS, where His247 and His67 are separated. 

Docking calculations were performed in the interface of 

subdomains IA and IIA of the XRD structure crystallized in 

presence of stearic acid (PDB 1E7I [35a]), considering 

flexible the histidine side chains and neighboring residues 

(with a radius of 5 Å). The dinuclear structure prediction 

was carried out blindly docking a first VIVO2+/VIVO(H2O)2+ 

moiety on the IA and IIA interdomain region. This analysis 

suggested three possible binding modes. The first docking 

assay was followed by subsequent dockings of an 

additional VIVO2+/VIVO(H2O)2+ to the three structures 

individuated in the first step. As a result, four geometrically 

consistent dinuclear candidates were found (indicated with 

1-4 in Table 3 and shown in Fig. 5). The dimers 1-4 were 

refined by full QM cluster method proposed by Siegbahn 

and Himo.[27] In all of them, Asp249 acts as the bridge; for 

three structures the binding is 1,1 and is supported by a -

OH– ion, while the fourth structure presents a 1,3 behavior 
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of Asp249. This site agrees well with the considerations 

proposed by Costa-Pessoa and co-workers, who suggested 

that Glu252 might be involved in V coordination.[19]  In all 

the structures Glu100, His247, and Glu252 take part to the 

coordination, to which Asn99 may add; His67 binds V in the 

dimers 1, 3 and 4 but not in 2. 

 The predicted models could rationalize the formation of 

(VIVO)2
D(HSAf) in the system with FAs fatty acids bound to 

HSA, in which the mutual rotation of the subdomains IA and 

IIA results in a separation of His247 and Asp249 residues 

from His67 and Asn99 – involved in the formation of the 

mononuclear adduct with HSAd – by 4-6 Å,[5, 7, 36a] which 

favors the accommodation of two VIVO2+ ions and formation 

of the bridge represented by Asp249 (Fig. 5). The exchange 

coupling constant J was calculated to determine the nature 

of the magnetic interaction between the two unpaired 

electrons on VIV, ferro- or antiferromagnetic. The results 

show that for three dinuclear structures (1-3 in Table 3) the 

coupling is ferromagnetic, in agreement with EPR data that 

suggest a triplet state; in contrast, for the dimer 4 the 

interaction is antiferromagnetic and, for this reason, it can 

be excluded as a possible candidate for (VO)2
D(HSAf).  

The EPR spectrum of (VO)2
D(HSAf) was simulated in this 

study with a zero-field splitting D of 605 × 10–4 cm–1 (649.8 

Gauss) and gx,y,z = {1.999, 1.999, 1.985} and Ax,y,z = {45.0, 

45.0, 80.0} × 10–4 cm–1 (Fig. S20 of the SI). The HFC 

constant Az is one half of the value which would be 

observed for the mononuclear VIVO species with the same 

equatorial coordination mode.[40] If D has contribution only 

from dipolar interaction, the approximate value of the 

distance R between the two V centers can be derived with 

eq. 1:[41], [42] 
2 2

40

3 3

μ3 β
π 1.39 10

2 4π

g g
D

R R

    
= =     

   
    

 (1) 

 

where D is measured in Gauss and R in Å. For the experimental 

mean value of g, R is 3.49 Å, in line with the calculated value for 

dimers 1, 2 and 4 (even though this latter can be discarded 

because antiferromagnetic). Summarizing the data, the structure 

corresponding to the dimers 1 and 2 could be close to that 

formed under physiological conditions for the adduct 

(VO)D
2(HSAf). The structure of dimer 1 bound to the MBS site of 

HSAf is depicted in Figure 6. 

When the ratio VIVO2+/HSAf is > 2, the resonances 

attributable to sites with an only one VIVO2+ ion bound (S = 

1/2) were revealed and these are superimposed to the low 

intensity absorptions of (VIVO)2
D(HSAf). When the spectra 

are recorded as a function of pH with molar ratio 

VIVO2+/HSAf = 4, the ‘quaternary’ sites with only O-donors 

are observed at pH 5.00 (IV in Fig. S21 of the SI), while 

with increasing pH the ‘primary’ site NTS and the various 

‘ternary’ sites with one His-N-donor are revealed (I and III). 

Interestingly, the resonances corresponding to the 

‘secondary’ site MBS were not detected (Fig. S21 of the SI) 

due to the formation of the dimeric adduct (VIVO)2
D(HSAf). 

In these species, the binding to the metal of Cys34 with the 

–SH group can be excluded since – for the "additivity 

relationship" [20] – the value of Az would be much smaller 

than those experimentally observed.  

The effect of fatty acids on the complexation scheme of 

VIVO2+ was investigated also with HSAf from Sigma-Aldrich 

with code A1653. Its behavior is identical as HSAf with code 

A9511, confirming the results just discussed (Fig. S22 of 

the SI).  

Table 3. Structural and magnetic data for (VO)2
D(HSAf) dinuclear 

species. 

Dimer J [a,b] Magnetic coupling V···V [c] 

1 19.88 Ferromagnetic 3.164 

2 6.99 Ferromagnetic 3.173 

3 0.13 Ferromagnetic 4.876 

4 -25.42 Antiferromagnetic 3.255 

[a] J value in cm–1. [b] J determined with the method reported in refs. 

[39]. [c] Distance between V atoms in Å. 

 

Figure 5. DFT optimized geometry of the dinuclear VIVO2+ adducts 

at MBS for HSAf: a) dimer 1; b) dimer 2; c) dimer 3 and d) dimer 4. 

Hydrogen atoms and non-coordinating residues have been 

omitted for clarity. 

Figure 6. DFT refined geometry of the dinuclear 1 VIVO2+ at the 

MBS site of HSAf. Subdomains IA and IIA are shown in blue and 

orange, respectively.  
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Conclusions 

The study of the metal binding to proteins has a 

fundamental importance in biology, pharmacy and 

medicine. In fact, on one hand metal ions, in a free or 

complexed form, are part of the active site of proteins with 

several physiological functions (transport, storage, 

enzymatic, etc.), on the other metal compounds show 

pharmacological activity and are used or tested for the 

treatment of various diseases, such as ulcer, arthritis, 

diabetes and cancer. To characterize these systems, 

different instrumental techniques are available, but in most 

of cases – in the absence of X-ray determinations – the 

information is only partial and the exact location of the 

binding sites, the identity of the donors involved in the metal 

coordination and the complete three-dimensional 

description cannot be obtained. To overcome this limitation 

and complement the instrumental data, we developed a 

methodology to predict the coordination bond between a 

metal and a protein through dockings methods which can 

be subsequently refined with QM/MM or QM calculations.[26] 

Human serum albumin (HSA) is, with transferrin, the most 

important protein of the blood serum involved in the 

transport of various essential and toxic metal ions and 

potential metallodrugs. Depending on the chemical 

properties of metals, several sites are available, among 

which the N-terminal site (NTS) – with which Cu2+ and Ni2+ 

interact – and the multi-metal binding site (MBS or site A), 

preferred by Zn2+ and Cd2+, plus the not yet identified site B, 

the strongest for Co2+ and Mn2+.[15] The binding of VIVO2+ 

ion, which among the three oxidation states +III, +IV, +V 

revealed in biological systems, is the most stable form 

under physiological conditions and is probably released by 

antidiabetic and anticancer vanadium drugs, is still elusive 

and, for this reason, we applied an integrated approach 

based on EPR spectroscopy and docking/QM methods to 

study its interaction both with defatted (HSAd) or fatted 

(HSAf) albumin. On the whole, the behavior and the binding 

sites of VIVO2+ are very similar to Zn2+, recently determined 

by an X-ray diffraction analysis.[3] 

For HSAd, four types of sites were predicted: i) NTS. This is 

the ‘primary’ site in the N-terminal region with (His3, His9, 

Asp13, Asp255) coordination. ii) MBS or site A. The multi-

metal binding site (MBS) is the ‘secondary’ site for VIVO2+ 

ion with (His67, His247, Asp249) coordination plus the 

weak binding of Asn99-CO or H2O ligand. NTS and MBS 

have a comparable stability with a slight preference for the 

NTS and coincide with those named 'strong' by 

Chasteen[17a] and VBS1 by Costa-Pessoa.[17i] iii) Sites B. 

The sites B are not specific and weaker than NTS and 

MBS, with one His-N and another O-donor such as 

Asp/Glu-O or carbonyl-O, populated with increasing the 

VIVO2+/ratio; for the first time, the exact position of such 

sites and the amino acids involved in the interaction have 

been determined. These were proposed previously but not 

located,[5-6, 9-10, 15] and for VIVO2+ were named 'weak' by 

Chasteen[17a] and VBS2 by Costa-Pessoa.[17i] iv) Sites C. 

These are ‘quaternary’ sites with only O-donors, stemming 

from carboxylate of Asp or Glu, or from carbonyl groups of 

the backbone, and are occupied at acid pH. Following the 

nomenclature used in the literature, these could be named 

sites C. 

The presence of FAs fatty acids in HSAf results in a 

different behavior and this fact must be taken into account 

in the analysis of the transport of metal ions and metal 

compounds. FAs Fatty acids cause a rotation of the 

subdomains IA and IIA and the formation of (VIVO)2
D(HSAf), 

which was revealed by EPR but never rationalized up to 

now,[17f, 19] in which a -Asp249 bridges the two VIVO2+ 

ions with a ferromagnetic coupling. With HSAf, the FAs fatty 

acids hinder the formation of mononuclear adducts at the 

MBS and, for this reason, influence the binding of metal 

ions that prefer this site (Zn2+ and Cd2+ beside VIVO2+), 

which are forced to move to the available ‘primary’, ‘tertiary’ 

and ‘quaternary’ sites.  

Finally, we believe that the integrated approach presented 

here could be applied not only to characterize the 

VIVO2+/HSA systems but also to determine the binding of 

other metal species to other proteins, integrating the best 

instrumental technique (for example, EPR for a 

paramagnetic and NMR for a diamagnetic ion) with 

docking/QM calculations. Therefore, with this approach 

complex systems such as (metal ion)–protein could be 

completely characterized even in the absence of an X-ray 

diffraction analysis.  

Experimental Section 

Chemicals. Water was deionized prior to use through the 

purification system Millipore MilliQ Academic. Metal solutions were 

prepared from VOSO4·3H2O, ZnSO4·7H2O and NiSO4·7H2O. Metal 

salts and 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES) were Sigma-Aldrich products of the highest grade 

available and used as received. Defatted and fatted human serum 

albumin were purchased from Sigma-Aldrich with codes A1887 and 

A3782 (HSAd), A9511 and A1653 (HSAf). Porcine serum albumin 

(PSA) was a Sigma-Aldrich product with code A1830. 

 

EPR measurements. The solutions for EPR measurements were 

prepared by dissolving VOSO4·3H2O in ultra-pure water in order to 

get a VIVO2+ concentration in the range (0.75-1.31) × 10-3 M, 

depending on the ratio VIVO2+/albumin. Argon was bubbled through 

the solutions to ensure the absence of oxygen and avoid the 

oxidation of VIVO2+ ion. To the solutions, HEPES buffer of 1.00 × 

10–1 M concentration was added. The value of pH was kept around 

4.0-4.5 to avoid hydrolysis and, to 1 mL of the solutions with the 

VIVO2+, PSA, HSAf or HSAd were added to obtain the desired 

VIVO2+/albumin ratio. Subsequently pH was raised around 7.4 and 

EPR spectra were immediately recorded at 120 K with an X-band 

Bruker EMX spectrometer equipped with a HP 53150A microwave 

frequency counter. The microwave frequency was in the range 

9.40-9.42 GHz, microwave power was 20 mW, time constant was 

81.92 ms, modulation frequency 100 kHz, modulation amplitude 

0.4-1.0 mT, resolution 4096 points. When the samples were 

transferred into the EPR tubes, the spectra were immediately 
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measured. Signal averaging was used to increase the signal to 

noise ratio.[17f] 

The spectra were simulated (Figures S1-S4 and S20 of the SI) with 

the software WINEPR SimFonia.[23] 

 

DFT, MD and docking Calculations. The VIVO2+ ion, modeled as 

[VIVO(H2O)4]2+, and all the adducts were optimized with Gaussian 

09 (revision D.01)[43] at B3P86/6-311++g(d,p) level of theory using 

the SMD model[44] for water. Frequency calculations were computed 

to ensure that the structure was a minimum in the potential energy 

surface.  

The model of the defatted albumin were built with Modeller,[45] adding 

the last five N-terminal missing amino acids to the X-ray structure 1AO6 

of the unbound HSAd. Molecular Dynamics (MD) simulations were set 

up with Xleap,[46] which was instructed to solvate the protein with a 

cubic box of pre-equilibrated TIP3P water molecules and balance 

the total charge with Cl− ions (ions94.lib library). The AMBER99SB 

force field[47] was used for the standard residues, while V-bonding 

force constants and equilibrium parameters were obtained through 

the Seminario method, using the MCPB.py.[48] During MDs solvent 

and the whole system were sequentially submitted to 3000 energy 

minimization steps, then, thermalization of water molecules and 

side chains was achieved by increasing the temperature from 100 K 

up to 300 K. MDs under periodic boundary conditions were carried 

out during 100 ns with OpenMM engine[49] through OMMProtocol.[50] 

Analysis of the trajectories was carried out by means of cpptraj 

implemented in ambertools16.[46] The implemented clustering 

algorithm was used to generate ten clusters taking the RMSD 

between frames as distance metric. The representative structure of 

the most populated cluster was used in the further structural 

analysis in which each structure was probed for the zones with at 

least two potential coordinating residues (Asp, Glu, Asn, Gln and 

His) using multisite.py.[25] 

Docking calculations to the HSAd were carried out through GOLD 

5.8 software[51] on the selected frames, while for the analysis of 

HSAf the XRD structure of albumin crystallized in presence of steric acid 

(PDB 1E7I [35a]) was used. The PDB structure was cleaned removing 

all the small molecules and crystallographic waters, and hydrogen 

atoms were added with the UCSF Chimera program.[52] The 

proteins were docked with VIVO2+, VIVO(H2O)2+, and VIVO(H2O)2
2+ 

moieties, obtained from the optimization of the aquaion 

[VIVO(H2O)4]2+. The equatorial positions were activated replacing 

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

what was recently established.[26, 53] All dockings were computed 

considering both the protonation states at  and  nitrogens of His 

imidazole ring. The docking simulations were carried out 

constructing in the region of interest an evaluation sphere of 12 and 

5 Å for HSAd and HSAf respectively, taking into account side chains 

flexibility using the GOLD implemented rotamers libraries.[54] 

Genetic algorithm (GA) parameters have been set to 50 GA runs 

and a minimum of 100,000 operations. The other parameters of GA 

were set to default. The solutions were analyzed by means of 

GaudiView.[55]  

The scoring (Fitness of GoldScore) was evaluated applying the 

modified version of GoldScore scoring function, which was 

validated in previously published papers.[26, 53] The best solutions 

(binding poses) were evaluated through i) the mean (Fmean) and the 

highest value (Fmax) of the scoring (Fitness of GoldScore) 

associated with each pose and ii) the population of the cluster 

containing the best pose. 

The refinement of the VIVO2+–HSAd and VIVO2+–HSAf adducts found 

by dockings was performed cutting out the region with the VIVO2+ 

ion, and neighbor interacting amino acid side chains and freezing 

the backbone atoms as reported by Siegbahn and Himo.[27] The 

resulting clusters contain 90 (site NTS-), 70 (NTS-), 45 (NTS-), 

49 (NTS-), 57 (MBS1) and 54 (MBS2) atoms, and 101, 118, 101 

119 atoms for the dimers 1-4. The geometry relaxation and E 

calculations were performed at B3P86/6-311++g(d,p) level of theory 

within the framework of SMD model[44] for water. 

The details of the docking protocol, the atoms parameter libraries for 

VIVO2+ atom type, the vanadium “coordination” energetic terms 

implemented in the GoldScore scoring function, examples of input 

and output GOLD files, the force constants for vanadium and 

equilibrium parameters derived with Seminario methods, and – 

finally – Cartesian coordinates of the DFT optimized structures 

represented in Figures 3-5 are provided in the SI. 

The prediction of the 51V HFC constants (A) was performed 

Gaussian 09 (revision D.01)[43] on the optimized structures at 

BHandHLYP/6-311+g(d) level of theory, according to the 

procedures previously published.[56] The theory background can be 

found by the interested readers in refs. [31]. The exchange coupling 

constant J for the dinuclear adduct (VO)2
D(HSAf) was calculated 

with the functional B3LYP and 6-311g basis set with the software 

ORCA,[57] according to the method reported in the literature.[58] 

Using S1 = S1 = 1/2 in the Heisenberg Hamiltonian 1 2
ˆ ˆˆ  = H JS S−   the 

value of J can be expressed as: BS HSJ = E   E− , where EBS and EHS 

are the energies of the broken-symmetry solution and triplet state. 
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An integrated approach based on spectroscopic and 

computational techniques was applied to unveil VIVO2+ binding 

modes to fatted and defatted human serum albumin. N-terminal 

(NTS) and multi-metal binding site (MBS) plus 'tertiary' (sites B) 

and ‘quaternary’ weak sites (sites C) were revealed. The 

influence of fatty acids in the formation of the adducts and the 

nature of the "strong" and "weak" sites were also explained. 
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