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Integrated experimental/computational approaches to
characterize the systems formed by vanadium with proteins and
enzymes

Giuseppe Sciortino,*#P¢ Jean-Didier Maréchal,? and Eugenio Garribba*®

Decoding the interactions of transition metal complexes with proteins is still an open challenge in
many fields like biology and medicinal chemistry or in the design of de novo enzymes, including
artificial metalloenzymes. Instrumental techniques like X-ray crystallography or Nuclear Magnetic
Resonance can provide with an atomistic description of the systems although their application is often
not trivial. In this review we illustrate how the integrated approach based on spectrometric and
spectroscopic techniques with multilevel Molecular Modelling allows characterizing metallodrug—
protein adducts at molecular level. A series of applications are described, focusing on potential
vanadium drugs with a final generalization to other metals. The data provide with major proof-of-
concept on the power of coupled experimental and theoretical methods for the rational design of new

metallodrugs as well as for guiding a large number of fields of bioinorganic chemistry.

1. Introduction

Understanding the biospeciation of potential metallodrugs in
the organisms is one of the open challenge of this century in
medicinal inorganic chemistry.? 2. 3.4 Metallocompounds (MCs)
are generally prodrugs that undergo a wide range of in vivo
chemical transformations along the “travel” to reach their
targets inside cells.> % 7 Biotransformations may include redox
reactions at the metal center, ligand exchange and/or reactions
of the organic functionalities of the ligands far from the metal.
Clear understanding of these events at the molecular level
appears to be fundamental to rationally design new prodrugs
able to undergo conversion to the active species where and
when their pharmacological effect is required. Endogenous
bioligands, and particularly proteins, play a central role in the
biotransformation processes, in particular those that are
abundant in the bloodstream including human serum
transferrin (HTf), human serum albumin (HSA), immunogloulins
(Ig) and hemoglobin (Hb).8 In a similar way, the interaction of
metallic species with macromolecular hosts has a major
application in biotechnology from the development of
metallopeptides to the de novo design and redesign of
enzymes.> 10 In the latter cases, the catalytic activity and
selectivity of the process can be handled introducing the proper
interactions at the cofactor-biomolecule interface, e.g.
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favouring those that stabilize the cofactor in a specific region or
with a determined orientation for the reaction to take place.

In view of the rational design either of specific active MCs and
accurate drug delivery strategies or catalytically active metal-
based cofactors, deciphering the interaction of metal moieties
with proteins is foundational. Primary information includes the
number of binding sites able to host the MCs and their
description at molecular level bringing insights on those
interactions that stabilise or hinder the MC—protein adduct
formation. The total electric charge of the MCs, the steric
hindrance of the ligands, the nature of their substituents
promoting stabilizations by secondary interactions - hydrogen
bonds (H-bonds) and van der Waals (vdW) contacts — should be
taken into account at the design stage. An accurate choice of
the metal centres and their organic ligands enables to
accurately balance the interactions strengths of MCs with the
biological host depending on the desired binding affinity.

On one hand vanadium compounds (VCs) are receiving growing
interest in medicine for their potential against parasite and viral
infections such as HIV and tuberculosis and —especially — for
their antidiabetic and antitumor activity.11, 12,13, 14, 15,16, 17, 18, 19,
20,21 Since '80s of the last century, it was demonstrated that
vanadate(V)22 and oxidovanadium(1V)23 inorganic salts enhance
the insulin effect in patients suffering from type Il diabetes
either inhibiting intracellular tyrosine phosphatase (PTP-1B) or
activating cytosolic tyrosine kinase (cyt-PTK) and leading to the
signal transduction cascade for glucose uptake. In addition to
the inorganic species, bis-chelated VVO2* coordination
compounds (VVOL,, being L a monoanionic bidentate organic
ligand) have been successfully proposed for the antidiabetic
treatment.24 25, 26 However, the search for more efficient and



side-effect free VCs is still an open mission.18 2427 On the other
hand, the artificial metalloenzymes (ArMs) community could
exploit the high availability of V, its higher biocompatibility
compared with other heavy metals, and catalytic properties
toward asymmetric oxidation and C-C coupling reactions
among others.28 29,30,31 However, from the pioneering studies
in the late ‘90 by Allenmark32 and Wever33 on semi-synthetic
haloperoxidases, and Sheldon34.35.36 on phytase, little was done
in the field of V-based ArMs.37. 38 The reasons of the little
progress in the above mentioned promising fields could be
partially ascribed to the lack of structural and mechanistic
knowledge of V-containing biosystems, which is one of the main
factors for which VCs are not or little considered by the
pharmaceutical companies.??

In general, two types of binding are expected for a VC—protein
system: i) coordinative (or covalent) binding for which the
protein replaces L~ or another weak ligand, typically H,O, with
one or more donor-containing residues resulting in the
formation of binary (VVOZ*—protein or VVO,*—protein) and
ternary (VV/VOL—protein or VV/VOL,—protein) adducts;3? ii) inert
(or non-covalent) binding in which the intact complex
VVOL,/VVO,L/VVO,L,; binds only through secondary interactions
with accessible groups of the protein surface.*0 41,42

Despite major progresses over the last years, the prediction and
elucidation of the exact binding mechanism of metal moieties
(being naked or complexed ions) is still a challenging question.
In addition to X-ray diffraction (XRD), several spectroscopic
techniques such as XANES, XAFS, NMR, EPR, ESEEM, ENDOR,
UV-Vis and CD are routinely applied for the characterization of
metal—protein adducts,*3-44 and have been widely employed for
systems containing the most stable oxidation states of VCs, i.e.
Vi VVoand VV.4 Among these techniques, X-ray and NMR,
which in principle can provide with three dimensional
information of any MC—protein adduct, are often inapplicable
or give only a partial information on the binding region (e.g. for
the lability of the metallodrug—protein interaction under crystal
conditions and electron beaming, open shell systems, etc.).
More recently, other methods such as voltammetry and
polarography, HPLC-ICP-MS, size-exclusion chromatography,
gel-electrophoresis, MALDI-TOF46.47 and ESI-MS have joined the
arsenal of bioinorganics. Among them, ESI-MS enables to study
both coordinative and inert binding of metallodrugs, works
independently of the oxidation state, clarifies the equilibria
established in solution, and provides with the stoichiometry of
the metal-protein adducts.*® 42 In the context of VCs, its working
range of 1-100 puM, close to the medical and pharmacological
concentrations,’”- 2% 26 makes this technique a valuable ally.>° On
the other hand EPR, being the most powerful spectroscopic tool
for paramagnetic species, has been largely applied for VvV
species, allowing to achieve relevant information on the nature
of donor-containing residues involved in protein metalation and
to discern between coordinative or inert binding.>,52
Nevertheless, in most of the cases the instrumental approach
does not allow identifying neither the specific region of the
protein where the metal binds and the residues involved in the
interaction nor the stabilizations of the metallodrug by
secondary intermolecular forces.
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Computational methods can represent a valuable
complementary approach to experiments providing with three
dimensional models and reaction mechanisms.l, 41, 42, 53, 54, 55
However, a complete simulation of the metal binding should
take into account various factors: i) an exploration of the
protein conformations to detect the possible binding site(s) and
ii) an analysis of the changes of first metal coordination sphere
during the binding (for example, changes in the coordination
and ligand number and/or geometry distortion).>¢

In this review, we will discuss how to complement the
information provided by spectroscopy and spectrometry with
the computational methods. We will demonstrate that, in
absence of a XRD analysis, only an integration of experimental
techniques can bring to a complete characterization of complex
systems such as metal—protein. We will focus on three main
points. The first is the update of the docking methods for
metallodrugs binding prediction and the specific validation for
VCs and a presentation of the techniques — particularly, EPR and
ESI-MS — that can be used to study several systems containing
VCs and proteins. The method proposed here is actually capable
of predicting with high accuracy both coordinative and inert
binding. The second point, in which we will discuss a series of
examples from our and other research groups, deals with the
integration of spectrometric and spectroscopic partial
information with a multilevel Molecular Modelling strategy,
that allows to characterize VC—protein adducts at molecular
level as well as their reaction mechanism in ArMs. Moreover,
dynamics effects such as equilibria in the biological
environment as well as conformational changes of the protein
scaffold, achievable even in absence of X-ray or NMR data, will
be treated. In the final section, a generalization to other metals
will be presented.

2. Toward an efficient computational strategy

From a computational point of view, localizing the protein
binding region and the modes of interaction of metallospecies
entails a complex series of molecular variables.! The dynamic
nature of both host and guest requires an advanced knowledge
of the system under analysis. The metallocompounds may
undergo ligand exchange or geometric reorganization prior the
binding, as well as the protein can react with conformational
changes leading to different adducts with respect to the original
reactants. The interactions governing the binding can range
from pure electrostatic, vdW or H-bonds for the ligands, to
direct coordination bond for metals. On the coordinative
binding framework, the most common protein donors are the
amino acid side-chains whose affinity depends on the hard or
soft character of the metal.>”

A unique computational technique able to tackle together all
these variables is nowadays a chimera, thus different
computational methods must be used in an integrated strategy
to address the main steps during the metal—protein recognition
process.l 56 58, 59, 60, 61, 62, 63, 64, 65, 66 Density Functional Theory
(DFT), treating the chemical systems at electronic level, can
describe with high accuracy the geometry, the equilibria, the

spectroscopic properties as well as the reactivity of
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(Dummy Model)
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O= electron donor

Fig. 1 Description of the dummy hydrogen approach for the metal ion docking to
proteins. The optimal distance between the metal and the hydrogen that acts as
a dummy was fixed at 0.75 A. The H-bond mean distance, 2.9 A in the original
scoring function, was set to 1.9 A.

= H-bond acceptor

coordination complexes giving information on their speciation
in solution.>3.67.68,69,70,71,72,73 DFT, integrated with instrumental
data (vide infra), is the first step of the simulation because it can
individuate the chemical form of the MCs for binding. Molecular
Mechanics (MM) based approaches, defining the system under
the laws of the classical physics, are common on structural
studies of protein those
metalloproteins. Among the MM based techniques, Molecular
Dynamics (MD) is applied for studying conformational changes
of high flexible regions of the receptor or of small peptides, and
constitutes the first step of a subsequent metal binding analysis
based on most sampled conformations (see section 3.1). Still
within MM framework, protein-ligand docking methods were
designed for fast and accurate prediction of the binding sites
and modes of small molecules to proteins (in docking
terminology ligand is the small molecule that interacts with
protein®). The binding energy is computed through simplified
MM force-fields (Scoring Function, SF) taking into account only
non-bonded intermolecular interactions between the ligand
and the protein host. The docking concept is to find, generally
through a Genetic (GA) or a Montecarlo (MC) algorithm, a series
of protein—ligand relative positions (poses), evaluate their
binding energy and rank them by scoring.64 74, 75, 76, 77, 78
Unfortunately, most of the available docking suites work with
ligands constituted by organic species and dealing with
coordination bond formation is ruled out, particularly when the
metal is part or represents per se the ligand (metallo-ligands).
Generally, the coordination bonds can be only described with
pure electrostatic functions,’®.80. 81 or through covalent docking
approaches nowadays implemented in many programs such as
GOLD?®2 or Autodock,8? or source code modifications such as

systems including containing

CovalentDock® or Docktite.8* For the formers, the specific
protein—l/igand bond needs to be defined a priori and forced
during docking. Therefore, their applicability is limited to
systems for which the specific bonded atom pairs are already
known, fact that significantly limits the predictive capabilities of
the method. Moreover, coordination bond parametrization is
totally lacking in SF, ruling out the correct application of
covalent docking to metallo-ligands. A few of other approaches

have been proposed over the last years such as QM based SF.6%
85, 86

2.1 Prediction of the coordinative binding

About a decade ago, we put the grounds for a generalizable
approach for dealing with metals in protein—ligand dockings

This journal is © The Royal Society of Chemistry 20xx

that was tested on ArMs,8” 88 and inert metallodrugs.®® We
recently expanded and further validated this docking approach
on the GOLD software framework defining the coordinative
bond through the H-bond function included in GoldScore SF%°
without source code modifications. The metal is virtually
described as a hydrogen bond donor liable to interact with the
H-bond acceptors of protein by means of dummy atoms at the
coordination vacancies. In terms of Lewis acid and base theory,
the acid center is transferred along the bond axis from the metal
to a fictitious proton located at the coordination vacancy (Fig.
1). In GoldScore SF (eq. 1%°), H-bonds are described by the sg2t.,,
term, a Lennard-Jones like function,®® which is multiplied by a
force constant defined for each atom pairs and able to describe
bond lengths and angles, weighting its potential by a block
function (eq. 2).

Fitness (F) = " Siona + B Siily + V" Siyona + 6 (Shily — Seors)  eq. 1
where sgt,., and sgit, describe the H-bond and vdW
intermolecular interactions, sitt,, and s, the intramolecular
interactions, and s, evaluates the change in stability due to
molecular torsions; a, 8, y, and 6 are empirical parameters
optimized to weigh the different interactions.

1, if X < Xigeal
( y=1]1.0- _X~Xideal if x; <x<x
Xwt X, Xideal» Xmax ) = . Xmax—Xideal ideal = * = “max

0, if x> Xpax

eq.2

The hard work consisted in generating the convenient atom
types and coordination forces to adapt this idea to GOLD
without using any geometrical constraint or energy restraint.
The strength of the coordinative-like interactions between 15
metals (Mg, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ru, Rh, Re, Os, Pt, Au)
and all the amino acid acceptors are defined by a series of
empirical parameters, implemented in GoldScore, to take into
account their relative affinity toward each metal.#1.>> The model
has been first validated on a set of 39 high-quality X-ray
structures with a unique coordinative M—donor bond.>> A
second step along the way was to generalize the framework for
the binding of metallo-ligands with more than one vacant site.
The benchmark was augmented to 64 structures formed by
main group- and transition metal-containing ligands with
various coordination numbers (4-6), geometries (square planar,
tetrahedral, trigonal bipyramidal, square pyramidal, and
octahedral), and accessible coordination sites.*! The results
showed an excellent agreement between the predicted and
crystallographic structures, indicating that the method could be
used as a new tool to predict metallocomplex—protein
interactions.

Further efforts in the context of (metal ion)—protein binding are
represented by the coordination gene implemented in
GaudiMM,?1. 92 and the recent backbone preorganization
hypothesis developed within the software BioMetAll.?3

2.2 Prediction of the inert binding
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Fig. 2 Superimposition of the calculated (in yeIIow‘)/ and X-ray (in green) structures
for VV—protein and V"“—protein adducts: a) V'Os moiety bound to tyrosin
phosphatase (PDB: 3i80); b) VVO4 bound to alkaline ghosphatase (PDB: 1bj8); c)
VY04 bound to acid phosphatase (PDB: 1rpt); d) V'YO?* bound TauD (PDB: ledh);
e} VV0s(benzohydroxamato) bound to chymotrypsin A (PDB: 2p8o); 5
VVO(PicoIinato)z bound to lysozyme (PDB: 4c3w); and g) V'VO?* moiety bound
CHsY* variant of cyt cbse, (PDB: 1dyl).

a)

b)l

v

e)

On the framework of inert or non-coordinative binding, several
docking software offers the opportunity to treat metallo-
ligands.?9. 80,81, 88,89

Using GoldScore SF, the coefficients a, y, and 6 to weigh the
intermolecular and intramolecular H-bonds and vdW
interactions are 1.0, while g for intermolecular vdW contacts is
1.375. For metal complexes, this combination could
overestimate vdW compared to H-bonds. Therefore, to
reproduce the experimental results — depending mainly on the
features of the organic ligands coordinated to the metal — it
could be necessary to tune the values of the terms o and Sto
balance the relative weight of the H-bond and vdW contacts. In
other words, if the structure of the ligands is such that several
hydrogen bonds with polar groups exposed on the protein
surface can be formed, the weight of & must be higher than g
and modulated as a function of the ligand functionalities able to
interact with the protein.

In this context, in 2018 a modification of the GoldScore SF was
set to accurately reproduce non-covalent binding affinity of
potential drugs with formula VVOL, to proteins (see infra).*?

2.3 Validation for VCs

In the context of VCs, the methodology to predict the
coordinative bonds has been extensively validated on the
available X-ray structures in the protein data bank (PDB),
namely VVO3(benzohydroxamato) bound to chymotrypsin A
with the coordination of a Ser-O~ (PDB: 2p80%); VVO4 moiety
bound to acid, alkaline, and tyrosine phosphatase with the
binding of a His-N, Ser-O-, and Cys-S~ donors (PDB: 1rpt®s,
1b8j%, and 3i80°7, respectively); cis-V'VO(picolinato), moiety to
lysozyme (Lyz) through the equatorial coordination of Asp-COO-
donor (PDB: 4c3w?8); the VVO2* adducts with a-ketoglutarate-
dependent taurine dioxygenase (TauD, PDB: 6edh?) and cyt
cbsez variant (CHsY*, PDB: 6dyl199),

The predictiveness of the method was ensured considering: i)
full rotation of the metallo-ligand dihedral angles; ii) the
flexibility of the coordinating side-chains using the rotamer
libraries available in the literature; 191 ii) the unbiased metal free
structure of protein, when available,
applicability of the technique even starting from an apo
structure.

to ascertain the
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The GoldScore scoring function improved with new set of
optimized parameters leads to docking solutions with
reasonably binding affinities (Fmax in the range 28.4-62.4). In all
of the cases, the predicted bindings matched with the
experimental ones obtaining root mean square deviation
(RMSD) with respect to the X-ray structures ranging from 0.039
A for the ions up to 1.035 A for the coordination compounds,
values confirming a satisfactory prediction (Fig. 2).102, 103,104 The
“coordinative” energetic terms implemented in GoldScore are
reported in refs. 41,5455

3. Integrating experiments and simulation

To characterize completely a VCs—protein systems is necessary
to choose instrumental  techniques  that provide
complementary information which can represent the starting
point to carry out the computational protocol. As mentioned
above, electron paramagnetic resonances (EPR) and
electrospray ionization mass spectrometry (ESI-MS) will be
taken to illustrate the approach. It must be highlight here that
ESI-MS is applicable to any metal, while EPR is the best tool for
paramagnetic VV and should be replaced by other techniques
with other metal centres (for example, NMR for VV or UV-Vis for
Vi),

3.1 EPR spectroscopy

Electron Paramagnetic Resonance (EPR) is a spectroscopic
technique applicable,
compound with one or more unpaired electrons. When a

in principle, to any paramagnetic
mononuclear paramagnetic species with only one unpaired
electron is considered, the spectrum is characterized by two
spin Hamiltonian parameters: the g factor and the hyperfine
coupling (HFC) constant between the unpaired electron and
metal nucleus (gisoc and Aiso in an isotropic spectrum, and gy, gy,
g:and Ay, Ay, A; in a rigid limit or anisotropic spectrum).1% The
g and A tensors are strongly perturbed by the metal chemical
environment and their change could provide valuable
information on the structure of the metal species under
examination. In particular, the values of g, and A, are more
sensitive to the coordination sphere variations than the x and y
components.

For VV, d! configuration and one unpaired electron, the HFC
constants in the EPR spectra arise from the interaction between the
spin-angular momentum of the electron (S = 1/2) with the spin-
angular momentum of the 3V nucleus (/ = 7=2, 99.8% natural
abundance). With increasing the electron donor capability of the
ligands, an increase of the experimental value of g, and a decrease
of A, is observed.

For small complexes a rigid limit spectrum is expected in frozen
solutions (for example, at liquid nitrogen temperature) because
the molecules are blocked in their positions, and isotropic
spectrum at room temperature due to the rotational motion
faster than the EPR timescale (usually around 50 ns 106), |n
contrast, for large [VVOL,]—Protein adducts, a slow tumbling or
a rigid limit spectrum is ever expected because their rotational
motion is significantly slowed down:197 the slower the rotational

This journal is © The Royal Society of Chemistry 20xx



motion, the more the spectrum approaches the rigid limit
type.108

Nowadays, the spin Hamiltonian parameters, in particular HFC
51V A tensor, can be predicted by DFT methods.70 109, 110, 111, 112
In most of the cases, this allows to confirm the binding
coordination environment of a V—protein comparing the
experimental with calculated A,.53 For a VVO adducts the
combination of the functional BHandHLYP and the basis set 6-
311g+(d) gives the best results with a percent deviation of A,calcd
from At below 3%.73

3.2 ESI-MS technique

Instrumental techniques based on mass spectrometry (MS)
such as Electrospray lonization Mass Spectrometry (ESI-MS) and
Matrix Assisted Laser Desorption lonization Mass Spectrometry
(MALDI-MS) are the most powerful techniques to analyse the
precise interactions of metallodrugs with biomolecules,
including DNA and proteins. ESI-MS generates ions with a single
or multiple charges after the formation of adduct with protons,
alkali metal ions (especially, Na* or K*) or after deprotonation,
resulting in a characteristic charge envelope for peptides,
proteins and oligonucleotides.113, 114, 115

Up to now, the major applications concerned the exploration of
inert metal complexes formed by Ru, Pt, and Au to low
molecular mass bioligands such as DNA nucleic bases, amino
acids, oligonucleotides and peptides, and high molecular mass
biomolecules such as proteins.116, 117,118, 119 However, being a
soft technique, it has been suggested that ESI-MS can also be
applied to the study of metal complexes that form labile
coordinative bonds, such as copper and vanadium,42 50,120 gnd
of non-covalent interactions with the biomolecules of
organism.*&49 It has recently been used to study the interaction
of pharmacologically active VCs with model proteins and
amavadin.>0

ESI-MS presents several aspects that make it an almost ideal
technique for studying metal—protein systems. It allows to: i)
identify both covalent and non-covalent interactions; ii) suggest
if a metal complex exists in the free form or bound to a protein;
iii) determine the type and the number of metal moieties
(n[ML], n[ML;], n[MLs] and others, where n = 1, 2, 3, etc.)
for vanadium, the
contemporaneous presence in aqueous solution of adducts
formed by various metal oxidation states (V", VVO/VV and
VVY0O/VV0,); v) examine metal concentrations in the range 1-100
1M, therefore very close to those found for vanadium at the
physiological conditions’.

The main limitation is that it often does not provide
information: i) on the three-dimensional structure of the
revealed adducts; ii) on the identity of the side-chain amino acid
donors, and iii) on the relative amount of species in solution
since the intensity of the peaks cannot be directly related with
their concentration.

interacting with proteins; iv) reveal,

3.3. Integrated strategy for coordinative binding

When X-ray or NMR determinations of MCs—protein adducts

are not possible, other instrumental approaches like

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 High-field region of anisotropic X-band EPR spectra recorded at 120 K on
agueous solution containing: a) V'VO?*/pic 1/2 at pH 4.5 (VYO?* 1.0 x 10~ M); b)
\ O”/pic/Lle 1/2/8 at pH 4.5 (VVO?** 4.4 x 107 M?; and ¢) V!VO%/pic/Melm 1/2/4
at pH 7.4 (VVO?* 1.0 x 103 M). The M, = 7/2 resonance of the addcut [V'VO(pic).]—
Lyz was indicated with the dotted line. Pic denotes picolinato ligand and Melm 1-
methylimidazole. Adapted from ref. 54.
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spectroscopy and spectrometry could provide with partial
information. These pieces could be joined by molecular
modelling obtaining a complete structural characterization of
the system.

Having at hand the X-ray resolution of the [VO(pic),]—Lyz adduct
(where pic is the picolinato monoanionic ligand*),% we set up a
validation test with the aim to reproduce the experimental
structure basing only on spectroscopic data and theoretical
simulations: i) EPR data of the binary system VVO2*/pic in
solution were coupled with DFT simulation obtaining, among all
the possible isomers, those of higher stability; ii) EPR of the
ternary system VVO?2*/pic/Lyz were collected evaluating the
specific donors involved in the metal coordination; iii) blind
docking calculations were performed between the DFT
optimized structures of VVO(pic), moiety and the X-ray
structure of Lyz; iv) the values of AGping for the formation of the
adduct [VVO(pic)2]-Lyz were calculated by QM/MM; v) NCI
(Non-Covalent Interactions?l) plot surface were built to
determine the stabilization of the adduct by non-covalent
contacts.>*

The analysis of the binary system unveils a clear preference for
the cis-octahedral isomers!22. 123 gnd, among the four possible
geometrical isomers of cis-[VO(pic)2(H20)]*?4, those with two
equatorial nitrogens (0OC-6-23,24 with their respective A and A
enantiomers) are strongly favoured and in equilibrium to each
other.122,123 The EPR spectrum recorded in the ternary system
VVO2+/pic/Lyz (trace b of Fig. 3), compared with those of cis-
[VIVO(pic)2(H20)] (trace a of Fig. 3), and with [VVO(pic)2(Melm)]
where Melm = 1-methylimidazole is a good model for His-N
binding (trace c of Fig. 3), clearly indicates that Lyz binds VIVO%*
with a y/6-COO~ group, stemming from an Asp or Glu residue.
The variation of A, for [VVO(pic)2]-Lyz (163.3x10™* cm™1) with
respect to cis-[VVO(pic),(H20)] (165.0x10™* cm~1 123) and to the
model complex cis-[VVO(pic)2(Melm)] (158.8x10™% cm~1 125)
indicates that Lyz coordinates VVO through a donor stronger
than water-O but weaker than His-N (see the position of the M,
= 7/2 resonances in Fig. 3). Taking these data into account, all
the most stable isomers of cis-[VVO(pic).(H20)] (OC-6-24-A/A,

J. Name., 2013, 00, 1-3 | 5



Fig. 4 Gradient isosurfaces (s = 0.3 a.u.) analysis of the better solution for the
T R Tplot A Fates o mo L intermblocular nieractions. The mucfacss
are reported in a blue-green-red scale according to values of signgq)xp! with p
electron density and A, the second Hessian eigenvalue. Blue surfaces indicate
o2 Fepuion, while frban meansvan Ger Wable contatts. FasFarther detois
on NCIPlot the readers can refer to ref. 121

0C-6-23-A/A) were DFT optimized and the equatorial H,O
removed activating the vacancy for coordinative docking. The
energy minima of cis-V'VO(pic), moiety were blind docked to
lysozyme obtaining that, among the eight possible isomers, OC-
6-23-A presents the higher population and best affinity toward
Lyz with coordination through the COO- group of Asp52.
Therefore, our docking strategy is able to reproduce the
isomeric and chiral discrimination of the protein proposing as
the best solution that matching with the experimental
structure,®® despite the four isomers OC-6-24-A/A, OC-6-23-A/A
have comparable stability in solution as demonstrated by DFT
calculations.122. 123

To further validate the discriminative capabilities of the
technique, the QM/MM AG for the reaction [VVO(pic)2(H,0)] +
Lyz 2 [VVO(pic)z]-Lyz + H,O was computed for all the best
solutions of the assay with the same trend obtained with the
pure scoring interaction energies. The AGping Of the adduct [OC-
6-23-A-VVO(pic),]—Lyz(Asp52) resulted lower more than 6 kcal
mol~! than the second best solution. Finally, NCI examination
allows finding the molecular features behind the chiral
discrimination, highlighting that only OC-6-23-A isomer can
coordinate Asp52 establishing stable second coordination
sphere interactions (Fig. 4).

3.4 Integrated strategy for inert binding

In the context of inert binding, in 2018 we validated a
modification of the GoldScore SF to accurately reproduce the
binding affinity of VVOL, compounds with proteins. For this
purpose, a series of five bis-chelated VVO flavonoid complexes
with proven antitumor activityl4 141, 148-152 ([VQ(que),]?,
[VO(mor).], [VO(7,8-dhf),;]27, [VO(chr),] and [VO(5-hf),], while
[VO(acac),], [VO(cat),]?>~ were examined for comparison*) were
used as a benchmark for the binding with Lyz.*

As a first step, the EPR results were coupled with DFT
simulations for determining the stable of the
complexes under the geometry is square
pyramidal and the free apical site is not prone toward

isomers
examination:

coordination.’?¢ Some of the VVO complexes give, at room
temperature, an anisotropic EPR spectrum even if the protein
does not interact through a coordinative binding (cf. traces a
and b of Fig. 5). This means that the inert binding is strong
enough to block the VCs on the protein surface, hindering their
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Fig. 5 X-band EPR spectra recorded at pH 7.40 on: a) binary system VvVo%**/que 1/2
at 77 K and v = 9.406 GHz (V'VO?* concentration 1.0 x 107> M); b) ternary system
VVO?*/que/Lyz 1/2/1 at 298 K and v = 9.852 GHz (V'VO*" concentration 7.0 x 107*
M) and c) binary system VVO*/que 1/2 at 298 K and v = 9.852 GHz (VVO?*
concentration 7.0 x 107 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
?f the I\]/CII4=2—7/2, 7/2 resonances of [V!VO(que),]> at 77 K are indicated. Adapted
romref.42.
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rotational motion and giving a rigid limit spectrum (see section
2.2).42 To explain this finding, it is necessary to postulate strong
H-bonds due to the large number of —OH groups in the flavonoid
structure, able to block the motion of VVO complexes in
aqueous solution. Docking simulations were carried out fine
tuning the weight of sgt,, and sgf, terms of GoldScore,
assigning the value 1.0 to o and 0.3 to 8 (see eq. 1), i.e.
considering the weight of the intermolecular H-bonds ca. three
times that of the vdW interactions. On the basis of the EPR data,
an indicator to define the binding affinity has been extracted.
The indicator is represented by the highest and average scoring
(Fmax and Fmean) Obtained on a docking assay along 100 GA runs.
A value of Frax in the range 16-17 marks the transition from the
rigid limit to slow tumbling EPR spectrum (Table 1). The docking
energetic breakdown highlights that the main contribution to
the binding affinity is the number of free OH or CO groups in the
structure of the organic ligand able to form H-bonds with the
polar functionalities of the protein surface. Moreover, the
results — showing that several binding sites for the same
complex exist — could suggest a dynamical equilibrium with the
VCs distributed among such sites (giving a rigid limit EPR
spectrum) and free
spectrum).

in solution (giving a slow tumbling

Table 1 Docking results and EPR spectrum for non-covalent binding of VCs formed by
flavonoid ligands with Lyz.>®

VVO complex EPR spectrum OH/CO  Fnu Frean ©
[VO(mor),] rigid limit 4/0 22.7 18.6-21.3
[VO(que),]* rigid limit 3/1 219  18.1-21.3
[VO(7,8-dhf),]> rigid limit with slow- 0/1 17.2  14.7-16.5
tumbling resonances

[VO(chr),] Slow-tumbling 1/0 159 14.2-14.8
[VO(5-hf),] Slow-tumbling 0/0 16.0 13.6-14.6
[VO(acac),] Isotropic 0/0 12.5 12.5
[VO(cat),]* Isotropic 0/0 10.4 10.0-10.4

2 Data were taken from ref. 42 and refer to the SPY-5-13 isomers that show the
highest affinity. ® The coefficient p has been changed and set to 0.3 (default value
=1.375) in the GoldScore SF, while the other parameters (a, y and §) were set to
1.0 (see eq. 1). € The value of 16-17 units marks the transition from a rigid limit
to a slow-tumbling spectrum.
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Overall, the proposed integrated EPR-computational approach
enables to define if VCs strongly interact with a protein giving
information about the stabilizing interactions as well as the
delivery potential to a given target.Moreover, a careful
combination of the docking data with ESI-MS could define the
number and the nature of the sites available for binding (see
section 4.2).

These insights should be taken into account during the design
of novel drugs in order to balance such interactions as a
function of the required affinity in view of a clear delivery
strategy. It is important to note that the method is generalizable
to any metallo-ligands tuning the contribution of the H-bond
and vdW terms in the SF depending on the metal and on the
structure of the organic ligand.

4. Applications
4.1 VVO?% binding

After oral or intravenous administration, VCs with potential
application in medicine in their most stable +IV and +V oxidation
states enter the bloodstream interacting with low and high
molecular mass bioligands. In vivo blood circulation monitoring-
EPR studies on rats demonstrated that at least 90% of vanadium
is present in the +IV oxidation state,'?” but an equilibrium
between V'V and VY under physiological conditions is plausible.>
128 Among the possible interactions, those with serum proteins
and erythrocytes must be mentioned due to their high
concentration and affinity toward vanadium.” Hemoglobin (Hb),
human serum transferrin (hTf), immunoglobulin G (IgG) and
human serum albumin (HSA) have been proposed as the main
carriers of VCs in the bloodstream.® 7.8 The hydrolysis of VCs at
medical concentrations causes the release of VVOZ* from VVOL,
potential drugs,” leading to the insight that this species could be
one of active forms in the organism and be responsible together
with [HaVVO4]~/[HVYO4]% of the V pharmacological effects.4> 129
Over the last years, we rationalized new and already collected
instrumental data with a multi-level MM and full DFT based
strategy to unveil the binding sites and modes of VIVO2* ion with
the serum proteins. Concerning HSA, which is one of the main
it displays
several binding sites for different metals, namely the N-terminal
site (NTS or ATCUN motif) specific for Cuz* and NiZ*, the multi-
metal binding site (MBS or site A) with higher affinity toward
ZnZ* and Cd%*, and several sites B, preferential for Mn2* and Co?*,
unknown until a few months ago.13°

To unveil the binding of VVO2* with both defatted (HSAd) and
fatted (HSAf) albumins we applied an integrated strategy based
on EPR spectroscopy, MD, docking and DFT methods.131 EPR
spectrarecorded on the binary system VVO2*/HSAd as a function
of pH and molar ratio display the signals of: i) a primary and a

transport protein of metal species in the blood,

secondary site with similar A, values compatible with two
equatorial His-N plus a number of O donors stemming from
carboxylates (Asp and/or Glu), carbonyl or H,O and ii) tertiary
weaker sites involving the coordination of only one His-N and O
donors (Fig. 6). EPR competition studies with Zn2* and NiZ* ions

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 High field region of the X-band anlsotro ic EPR scpectra recorded atpH 7.4
on frozen solutions (120 K) contalmn\g VVOZ* /HSA 1/1 b; VVO%/Zn?*/HSAY
1/1/1; ¢) VVO?*/Ni**/HSA 1/1/1; d) V' 02"/PSA 1/1 and e) +/an+ PSA 1/1/1.
With I, Il and 11l the M, = 7/2 resonances of the 5|tes NTS, MBS and ‘tertiary’ (sites
B)farle3|1nd|cated VVO? concentration was 7.5 x 10 M in all cases. Adapted from
re

suggested that the primary site is located at the NTS, while the
secondary one at the MBS; in fact, one equivalent of NiZ*, that
binds specifically at the NTS motif, shifts the EPR signal from |
(NTS) to Il (MBS, cfr. trace ¢ with a and b of Fig. 6), while the
addition of ZnZ*, which has its specific site at the MBS, leaves
the spectra unaltered suggesting a slight competition with
VVO2* that remains bound to its primary site (see resonance |
and Il in trace b of Fig. 6). These insights were confirmed using
porcin serum albumin (PSA): in fact, with PSA VVO2* binds at
MBS because His3 is lacking (Il in the trace d of Fig. 6), but when
Zn?%* is added it displaces from MBS V'VOZ* ion which moves to
the tertiary sites (1l in the trace e of Fig. 6).

In the light of these results, it was possible to characterize the
binding sites at molecular level: i) a preliminary MD of HSA was
carried out to collect a series of sampled conformations,
particularly for the high flexible N-terminus; ii) using the
software BioMetAll,°3 each conformation was probed for
regions containing the motif (His; His; Asp/Glu) with the correct
degree of preorganization to bind VVOZ2*; iii) for each selected
snapshot, docking simulations were performed obtaining first
3D structures; iv) these structures were then relaxed by further
MDs and optimized by full DFT cluster method proposed by
Siegbahn and Himo132; v) in the last step, the AGping and spin
Hamiltonian parameters at the level of theory BHandHLYP/6-
311+g(d) were computed and compared to the experimental
results allowing to obtain the final 3D structure of the primary
and secondary adducts.

Overall, these data suggested that for NTS site the most stable
binding mode is (His3-N, His9-N, Asp13-COO, Asp255-C0OO0). For
MBS, both modes MBS, (His67, His247, Asp249, H,0) and MBS,
(His67, His247, Asp249, Asn99) can be considered alternative
with the difference represented by the fourth donor, one
water-O or Asn-CO (Fig. 7, a and b).
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Table 2 Donors, **V A; and AEginding for the 'primary' (NTS) 'secondary' (MBS) and
dimeric binding sites of HSA for V'VO?,

Site Donors A,caled b AEginging ¢
NTS; @ His3; His9; Asp13; Asp255 -163.7 ¢ -31.7
NTS, ¢ His3; His9; Glu6; H,0 -165.8 ¢ -18.4
MBS,  His67; His247; Asp249; H,0 -165.2F  -26.2
MBS, ¢ His67; His247; Asp249; Asn99-CO -169.5f -32.9
Dimer Magnetic Coupling Je VWVeeeyiVh
1 Ferromagnetic 19.9 3.164
2 Ferromagnetic 7.0 3.173

2 Data taken from ref. 3% ® A, calculated with DFT methods. ¢ AEbinding in
kcal mol™. ¢ For HSA®. ¢ Experimental value for the NTS site is -162.9x107*
cm™ f Experimental value for the MBS site is -166.4x10~* cm™.. & J value in
cm™?, determined with the method reported in refs. 133 134 " Distance between
V atoms in A.
The description of the VVO2* binding to HSA? has been
completed with an extensive analysis of the protein, searching
for motifs (His-N, nAsp/Glu-COO) compatible with the EPR
signals of the tertiary sites (lll in Fig. 6). The sites with
coordination (His367-N, Glu313-CO), (His510-N, Asp512-C00),
(His338-N, Asp340-C0OO0), (His535-N, Glu531-CO0, Asn503-CO),
(His288-N, Glu153-C0O0), and (His128-N, Glu131-COO) were
found.
Finally, the binding of VVO2* to HSAf has been characterized
with an equivalent strategy. It must be highlighted that level of
medium- and long-chain fatty acids (FAs) influence the binding
of Zn2+,130, 135 inducing the rotation of subdomain IA with
respect to the subdomain I1IA,136. 137 and the disruption of the
MBS separating the coordinating amino acids.138:139,140 The EPR
analysis of the binary system VIVO2*/HSAf displays a complete
different behaviour suggesting the formation of a dinuclear
species with spin state S = 1, (VVO)P,(HSAf).141 142 A sequential
docking assay has been carried out at the interface of
subdomains IA and A of the XRD structure of HSAf: i) a first
VIVO2+(H,0),2* moiety was docked, followed by ii) subsequent
docking of an additional VVO2*(H,0),2* to the best solutions
obtained in the first run. The resulting four dinuclear candidates
were refined by full DFT cluster method and the exchange
coupling constant J simulated. Only two candidates (1-2)
showed a ferromagnetic coupling with a VV---VV distance in
agreement with EPR data (see Table 2 and Fig. 7).
The described integrated strategy have been used in a series of
works to fully rationalize and characterize the binding sites of
VVO2* to the other abundant serum proteins, namely Hb, apo-
hTf143 and holo-hTf, IgG as well as to model proteins such as
ubiquitin (Ub)144 and myoglobin (Mb).14> We believe that, being
VVO2* the most important active species released by
antidiabetic and antitumor VCs, the characterization at
molecular level of its binding sites could open new possibilities
to understand the mechanism of action of novel V based drugs.
We highlight in this case too that this approach is applicable to
other free metal ions, coupling computational methods to the
appropriate spectroscopic or instrumental techniques.

4.2 VVOL, potential drugs
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ng Deconvoluted ESI-MS spectrum recorded on the system containing
[VYO(dhp)2] and myoglobin (5 uM) with molar ratio 5/1. Adapted from ref. 145.
VVOL, complexes have been successfully proposed for
antidiabetic treatment and, recently, as anticancer drugs.1% 39
146 For example, bis(ethylmaltolato)oxidovanadium(IV), BEOV,
arrived to phase lla of the clinical trials.?* Even if side effects
emerged during this phase and the tests were stopped for the
patent expiry,® 24 27 jt and bis(maltolato)oxidovanadium(IV),
BMOV, are the reference for new insulin-enhancing agents.25 26
Today, an extensive research is devoted to the development of
antitumor potential drugs, such as [VVO(Me;phen),(SO4)]* and
[VVO(flavonoidato),].16: 147, 148, 149 The main advantage of
working with VIVOL, lies in the possibility to fine tune the drug
properties acting on the chelating functional groups to minimize
toxicity, increase stability and absorption in the gastrointestinal
tract, control ligand exchange during the bloodstream
transport, optimize the cellular uptake modeling the second
coordination sphere interactions, and modulate liability for
degradation and re-functionalization within the cell.

In a series of recent works based on the multistep combination
of ESI-MS, EPR, full DFT and docking, we fully characterized the
interaction several VVOL, (L = dhp, L-mimosinato (mim),
maltolato (ma), acetylacetonato (acac), pipemidato (pip), and 8-
hydroxyquinoline-5-sulfonato ligand (hgs)*) with Mb, Ub and
Lyz.40, 54, 144, 145, 150 The potential anticancer and antidiabetic
[VVO(dhp),]* compound®st 152 will be presented as a first
showcase for these interactions.

In the pH range 5-8, the 1:2 complex is in equilibrium between
the [VVO(dhp),] (square pyramidal) and cis-[VVO(dhp),(H,0)]
(distorted octahedral).’3. 154 The deconvoluted ESI-MS
spectrum measured on the system [VO(dhp).]/Mb with a

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name

[VO(dhp)]-Mb a

T cis-[VO(dhp),(H;0)]

[VO(dhp);]
T T T T T T 1
3700 3800 3900 4000 4100 4200 4300
Magnetic field / Gauss

Fig. 9 High field region of the X-band anisotropic EPR spectra recorded on frozen
solutions (120 K) containing: a) [[V"/Oédhp}z]]/Melm 1/2; b) [VVO(dhp).]/Mb 1/1;
c) [VVO(dhp).l/Mb 2/1; d) [VVO(dhp):l/Mb 4/1; e) [VVO(dhp);]. VVO?*
concentration was 1.0 x 1073 M. With the dotted line the M, = 7/2 resonances of
the adducts [VO(dhp)2]-Mb are indicated. Adapted from ref. 2451

SPY-13-A

0C-6-34-A

Fig. 10 Most stable adducts predicted by docking methods for the interaction of
cis-VO(dhp). moiety with His 81 and His113, and VO(dhp)* with (His24, His119)
and (His82, Asp141Y couples of donors @fiMB. Adapted from i

protein concentration of 5 uM and molar ratio 5/1 is reported
in Fig. 8. The multipeak signals at 17858.0, 17997.1, 18202.1,
and 18340.1 Da were attributed to the adducts [VVO(dhp)]-Mb,
[VVO(dhp)2]-Mb, {[VVO(dhp)] + [VVO(dhp),]}-Mb, and
2[VVO(dhp);]-Mb, i.e. both the moieties [VVO(dhp)]* and
[VVO(dhp),] are able to bind Mb.

Anisotropic EPR spectra vary as a function of the ratio
VVO(dhp),/Mb (Fig. 9): at ratio 1/1 [VO(dhp)2]-Mb is the major
species in solution and its resonances coincide with those of cis-
[VVO(dhp),(Melm)] with the equatorial 1-methylimidazole
bound to VVO. At ratios higher than 2/1 the absorptions of
[VVO(dhp),] and cis-[VVO(dhp),(H,0)] appear and this means
that the first two equivalents of cis-VVO(dhp), find two His
residues suitable for the metal coordination, forming the
adduct [VVO(dhp),]-Mb and 2[VVO(dhp),]—Mb, in agreement
with ESI-MS measurements:

[VO(dhp),] + H,0 2 cis-[VO(dhp),(H,0)] (3)
cis-[VO(dhp)2(H,0)] + Protein 2 [VO(dhp),]-Protein + H,O  (4)

At low VVO(dhp),/Mb ratios the equilibria (3)-(4) are shifted to

the right for the formation of the protein adduct, but increasing
the ratio (4) shifts to the left with formation of [VVO(dhp),] and
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cis-[VVO(dhp)2(H20)] when protein binding sites are no longer
available.

ESI-MS and EPR data were integrated by docking calculations on
the eight enantiomers OC-6 of [VVO(dhp),(H20)]. The A and A
isomers 0OC-6-34, 0C-6-34, 0C-6-23 and OC-6-24 were
optimized by DFT, the equatorial water was removed to allow
the moiety cis-VVO(dhp), to interact with Mb (PDB: 4DC8 155)
using the force-field for vanadium.*l 5% 55 The candidate
residues were identified through a relative Solvent Excluded
Surface (SES) calculation that shows that the potential donors
are His81, His113, His116, and His119. The results indicated that
only His81 and His113 are able to interact with cis-VVO(dhp),
(Fmax = 45.3-49.4 and Fmean = 42.0-47.4), Fig. 10. The binding of
VVO(dhp)* moiety — suggested by ESI-MS — was also modelled
by dockings: the enantiomers SPY-5-13-A and SPY-5-13-C were
optimized by DFT methods, the two H,O molecules removed
and the two equatorial sites activated. Three potential sites
were predicted with relative affinity order: (His24, His119) >
(His82, Asp141) > (Glu83, Asp141), Fig. 10.

To summarize, ESI-MS allowed determining the number of
moieties (VVOL* or VVOL;) bound to protein, EPR to distinguish
the type of residues involved in the coordination, DFT and
docking to predict the specific residues involved in the V
coordination as well as the 3D structure of the adducts.

As a second showcase, we describe a more complex system,
formed by bis-chelated VVO2* species of nalidixato ligand (nal¥),
cis-[VVO(nal)2(H20)], with cytochrome c¢ (Cyt), where both
coordinative and inert binding are observed. Nalidixic acid
belongs to the quinolones family, one of the most common
among the antibacterials, which also aroused interest as organic
ligands in the design of metal complexes with potential
synergistic pharmacological activity. Cis-[VVO(nal),(H,0)] was
recently proved to be an antimicrobial stronger than the free
ligand against several common bacteria, in particular when it is
encapsulated into nanoparticles.1%6

For this system, firstly the speciation in aqueous solution has
been ascertained. EPR and ESI-MS measurements on the binary
system VIVO2*/nal 1:2 showed that, beside the presence of the
mono-chelated species, an equilibrium between the penta-
coordinated square pyramidal [VVO(nal);] and the hexa-
coordinated cis-octhaedral cis-[VVO(nal),(H20)] exists.?>7 DFT
calculations of the energy stability and spin Hamiltonian
parameters allowed to establish the most stable isomers in
solution among the penta-coordinated SPY-5-(12,13) and hexa-
coordinated OC-6-(23,24,32,34) species.1>?

ESI-MS recorded on the ternary system cis-[VVO(nal)2(H20)]/Cyt
unveils up to five peaks corresponding to the adducts
n[VO(nal),]—Cyt with n = 1-5 (Fig. 11).158 The major finding of
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Fig. 12 High field region of the anlsotroplc EPR s ectra recorded on frozen
solutions (120 K) containing V'VO(lnaI zﬁHzO V'VO(naI]6(HzO)]/MeIm 1/2;
c) [V'VO(naI)z(HZO)]/Cyt 1/1 and d) [VO(nal)2(H20)1/Cyt 2/1. VIYO# concentration
was 5.0 x 4'M. With the dotted line the M, = 7/2 resonances of the adducts
[VO(nal)2]— Cyt are indicated. Adapted from Fefil58.

ESI-MS is the number of peaks of VCs—protein adducts and the
challenge is to distinguish between strong coordinative
interactions and weak non-specific inert bindings. The detection
of the species involved in the inert interactions could be
favoured in the gas phase after the solvent evaporation during
the ionization process in the ESI chamber.15?

To obtain a first differentiation between coordinative and non-
specific inert binding, EPR anisotropic spectra were recorded on
the system [VVO(nal)2(H,0)1/Cyt with ratio 1/1 and 2/1 (Fig. 12).
At ratio 1/1, the resonances can be attributed to an adduct
[VVO(nal),]-Cyt in which the fourth equatorial water molecule
is replaced by an Asp/Glu-COO- group, a donor weaker than the
imidazole-N of [VVO(nal),(Melm)] (A, is 170.3 x 104 cm™! for
[VVO(nal),]-Cyt in the trace c vs. 169.1 x 10 cm™ for
[VVO(nal)2(Melm)] in the trace b of Fig. 12). Increasing the ratio
[VVO(nal)2(H20)]/Cyt to 2/1 (trace d of Fig. 12), the absorptions
broaden and this can be ascribed to the contemporaneous
presence of the two isomers of the 1:2 species [VVO(nal),] and
cis-[VVO(nal)2(H20)] and to a second adduct [VVO(nal);]—Cyt,
less stable than the first one revealed at ratio 1/1. Overall, the
results indicate that only one or two VVO(nal), equivalents bind
to Cyt, while at ratios VC/Cyt higher than 2/1 the free 1:2 VVO
complexes are formed, which probably interacts with the
protein surface through inert binding.

Therefore, joining the spectrometric and spectroscopic
information, two cis-VO(nal), moieties interact through
coordinative binding involving y/6-COO stemming from an Asp
or Glu residue, and three additional equivalents bind Cyt in an
inert manner on the protein surface.

Finally, by a series of dockings, the system has been fully
characterized. The approach was as follows: i) with a first
coordinative docking, the primary binding site has been
determined and the adduct [VVO(nal),]-Cyt identified; ii) a
second coordinative docking was carried out on the structure
[VVO(nal),]-Cyt to identify the secondary site with a
coordinative bond; iii) an additional coordinative docking has
been performed on the structure 2[VVO(nal),]-Cyt without
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Fig. 13 Best docking solutions for the interaction oféVO(nal)z] with Cyt to form the
coordinative adduct 2[V0(na|)z]—Cyt}|n orange), and best representative solutions
of the first cluster for the non-specific inert interaction (in green). Adapted from

finding another stable coordinative adduct; iv) at this point, a
series of non-covalent dockings were performed on the adduct
2[VVO(nal);]-Cyt until reaching the total number of five
moieties suggested by ESI1.138 Through these steps, a) Glu21 and
Glu90 were identified as the best candidates to bind OC-6-24-A
and OC-6-23-A isomers; b) the regions for the inert binding were
predicted for OC-6-32-A, 0OC-6-23-A and OC-6-24-A cis-
octahedral species and c) the secondary interactions stabilizing
the [VVO(nal),]—Cyt adducts were found (Fig. 13).

4.3 V"-L, VVO-L and VVO,-L potential drugs

The strategy illustrated in the previous sections can be pushed
forward to characterize at molecular level the systems
containing V"WV—L and a protein. As an illustrative example
[VVO(acac),], one of the most studied VCs due to its anti-diabetic and
antitumor effects,’® 1° will be illustrated. In this case, the
interconversion between the three stable states +III, +IVand +V,
possible under physiological conditions, can be discussed. In
fact, [V'VO(acac),] could undergo reduction to [V"(acac)s] in the
gastrointestinal tract and/or in the reducing cellular environment
and oxidation to [VVO,(acac),]~ in the cell culture medium and partly
in the blood serum. The results confirm the concept that, in the
design of vanadium drugs, such biotransformation must be
taken into account to identify the active species in the organism.
To obtain a clear speciation profile of this VC in biological
medium, ESI-MS and EPR data were collected for [V'(acac)s],
[VVO(acac),] and [VVO3(acac),]~ in aqueous solution as well as in
the presence of Ub, Lyz and Mb.%0 144 145 The data were
integrated with computational (docking and QM) techniques. In
the following paragraphs the results with Ub will be presented
as an illustrative case.

ESI-MS spectrum recorded on an aqueous solution containing
V'(acac)s shows the peaks of [V"(acac);+X]* and, with high
intensity, [VVO(acac),+X]* with X = H or Na.?® On the binary

This journal is © The Royal Society of Chemistry 20xx
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Fiﬁ. 14 Deconvoluted ESI-MS spectrum recorded on the systems containing: a)
VM(acac)s/Ub and b) VVO(acac),/Ub. The molar ratio VC/Ub was 3/1 and Ub
concentration 50 uM. With the asterisks the adducts with the binding of one and
two water molecules are indicated. Adapted from ref. 40.

system H,VVO,~/Hacac only the peaks relative to [Hacac+X]* and
[HoVVO4]~ derived from the hydrolysis of VVOj(acac),” are
detected confirming that vanadate(V) complexes are not or
little stable in the order of uM concentration of V.160 In contrast,
on the system V'(acac)s/Ub, V'(acac)s is quantitatively oxidized
to VVO and only the peaks of the adducts n[V'VO(acac)]-Ub with
n = 1-3, were detected (Fig. 14, a). Similarly to what observed
in the binary system, working with VV0O,(acac),™/Ub no traces of
VY complexes were observed and only the signals corresponding
to the adducts n[VV0;,]-Ub with n = 1-3 were revealed (Fig. 14,
b). EPR analysis on the biological systems confirms the one
electron oxidation of V" to VV and the contemporaneous
presence of the adducts n[VVO(acac)]-Ub, with A, compatible
with one acac™ ligand and two O-donors stemming from
carboxylates (Asp and/or Glu) or carbonyl (backbone or
GIn/Asn) or, alternatively, one His-N and one O-donor. The
increase of concentration from pM to mM results in the
formation of [VVO(acac),] which does not interact with proteins
trough coordinative nor inert binding. In the system with
VV0,(acac),~ the hydrolysis favours the dissociation of the
complex, giving rise up to 3[VVO,]-Ub adducts.

The in silico prediction has been based on: i) the determination
of the DFT minima in solution for [VVO(acac).],
[VVO(acac)(H,0)]* and [VYO,(H,0)3]* to obtain the metal
moieties that interact with protein; ii) the exploration of the
structure of Ub, finding those regions containing the (Asp/Glu,
Asp/Glu), (Asp/Glu, Asn/GIn) or (Asn/Gln, Asn/Gln) motifs able
to bind the metal fragments; and iii) the docking of the
vanadium moieties to Ub to gain a molecular view of the formed
adducts.

At the end of the modelling, the amino acid donors coordinating
VVO(acac)* and VVO,(H;0),* moieties were completely
characterized: the binding sites with (Glul6, Glul8), (Glu24,
Asp52), and (His68, H,0) donors were predicted (Fig. 15). Their
structure is stabilized by strong H-bonds between the V=0
group and side-chain NH/NH,/NHs* groups of Lys6, Arg42,
GIn49, Arg54, His68, and Arg72. Finally, the absence of inert
binding of [VIVO(acac),] toward Ub has been confirmed by the
scoring lower than that was recently established for a rigid-limit

This journal is © The Royal Society of Chemistry 20xx

Fig. 15 Most stable structures predicted by docking for the adducts of V—acac
species with Ub: a) LV'VO(acac)r—Ub and b?l LVVOz(HzO)n]—Ub, with n = 1-2. The

hydrogen bonds are highlighted with the full blue lines. Adapted from ref. 40.

EPR spectrum (16-17, see Table 2) and by the presence of
several clusters highlighting no specificity of the receptor.
Overall, the results suggested that only VVO(acac)* and VVO,* are
the active species interacting with proteins at physiological
conditions.

The showcases presented in this section highlight again that
computational tools, carefully integrated with selected instrumental
techniques, give biospeciation and structural insights, foundational
for any novel drug design project and often precluded by the use of
only experimental techniques.

4.4 V-enzymes

Predictive tools about enzymatic activity and inhibition are
cornerstones in design of new drugs as well as de novo enzymes.
In particular, the pharmacological activity of various
metallodrugs could be based on the inhibition or activation of
certain enzymatic processes as in the case of V-based
drugs. In fact, vanadate(V)?22
inorganic species exert their insulin-
mimetic activity either inhibiting intracellular PTP-1B or
activating cyt-PTK leading to the signal transduction cascade for
glucose uptake. As an example the inhibition of phosphatases
by WO0,3- is explained by its structural similarity with PO43-,
making vanadate(V) indistinguishable in the molecular
recognition.12% 161 However, for PO43~ the pentavalent form is
only a transition state achieved after the binding to the active
site, while VV0O,43- forms stable penta-coordinated adducts,
resulting in a strong inhibition. On the other hand, the same
phosphatase inhibition is the basis of the phytase-vanadate
ArMs for which VY043~ binds to the phosphate native site. In this
scenario, we recently studied at the molecular level the binding
of VVO?* in VBrPO and IGPD.

Upon reduction by dithionite of the VV centre of VBrPO to VV,
its activity drastically decreases. EPR data show a value of
A,(5tV)exetl of 167.5%x10"* cm~t and 160.1x10"4 cm~t at pH 4.2 and
8.4, respectively suggesting the binding of some His residues. 162
Aiso(14N)caled of 3.1 and 5.3 MHz observed in the ESEEM spectrum
confirms the presence of a His-N in the equatorial plane.163
Docking studies followed by full DFT cluster optimization
suggest a unique binding site coincident to the catalytic one,
with coordination of Ser416 (axial), His418 and His486 in trans
and a water

antidiabetic and

oxidovanadium(IV)23

to each other molecule completing the
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His169.D His169.D

Fig. 16 DFT refined structures of the V'YO** sites in: a) VBrPO at pH 4.2; b) VBrPO
at pH 8.4; c) IGPD mode a; and d) IGPD mode B. Adapted from h

coordination sphere (Fig. 16).164 However, at different pH three
binding modes are possible considering that both Ser416 and
the fourth equatorial H,O could be deprotonated. To shed light
on the protonation state, subsequent AEpng and spin
Hamiltonian parameters simulations have been carried out
allowing to rationalize the EPR data as a function of pH. At low
pH, when Ser and His are partially protonated, the coordination
set results (Ser416-OH, His418-N, His486-N; H,0) giving the
large value of A,(tV)exrtl (Fig 16, a), while at high pH the
complete deprotonation of the side-chains leads to the motif
(Ser416-0O-, His418-N, His486-N; H,0) with a lowering of
A,(5tV)exetl (Fig. 16, b).164 The possibility of simultaneous
deprotonation of both Ser4l6 and H,0O was discarded,
considering the Aiso(14N)cled of 6.9 and 7.3 MHz, significantly
different from the experimental values.

The binding of VVO2* to the apo-IGPD, a Mn'-dependent
enzyme,1%5 was used as spin probe to explore the metal
environment,16¢ a3 common application of VV species. The X-
band EPR spectrum of VVO2+-IGPD showed three resonances at
increasing pH (a, B and y) indicating different coordination
environments, with A,(51V)exrt of 169.1, 161.6 and 140.6x10~*
cm, respectively.166 A,(51V)exrtl yalues for sites a and B suggest
the involvement of His-N donors, while for site y stronger
donors are expected. Aio(14N)exrt! of 7.0 MHz measured by
ESEEM confirms these findings.166 A first docking analysis found
several possible binding modes with comparable affinity and
population. The analysis of the full DFT binding energies and
EPR/ESEEM simulated parameters allowed defining two modes
as the best candidates for resonances a and B (Fig. 16, c and d),
while no coincidence was found for site y with an extremely low
value of A,(51V)exetl 164 The site a corresponds to the motif
(His47, His74, His170, Glu173) with A,(51V)cald = 166.8x10~4 cm~
1. site B to (His73, Hisl45(ax), His170, Glu77; H,0) with
A,(51V)ealed = 164,3x1074 cm™2, The resonance below 2.5 MHz in
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the ESEEM signals further support these
(Aiso(24N)caled is 0.5 MHz for both the sites aand B).
Overall, these results highlight that His-N and Asp/Glu-COO- are
the most affine donors for VV;158 however, the binding of
deprotonated Ser residues is also possible.

assignation

4.5 V-based de novo enzymes

Since its discovery, vanadium attracted attention in
homogeneous catalysis. This is due to its relative low toxicity
and high availability, the accessibility to catalytically relevant
forms using green oxidants (0, air or H,0,), the easy
interconversion between its stable oxidation states (+I1, +III, +I1V
and +V) and its large variety of coordination number (up to 8).
V-based homogeneous catalysts demonstrated high efficiency
in epoxidations, sulfoxidations, haloperoxidations, C—C bond,
Mannich-type processes, polymerizations and bond cleavage,
including asymmetric and stereoselective processes.29 30, 31
Moreover, the presence of vanadium in natural biocatalysis,
such in haloperoxydases (HPOs) and nitrogenases,*> makes
vanadium a perfect candidate to be incorporated in artificial
metalloenzyme.

In late ‘90 of the past century, taking advantage of enzyme
promiscuity, several groups expanded the activity of VHPOs
toward asymmetric sulfoxydation. Allenmark et al. achieved up
to 91% enantiomeric excess (ee) using V-bromoperoxydase
(VBrPO) from the alga Corallina officinalis.3> Comparable ee was
reached by Wever group using VBrPO from different seaweed
sources.33 However, this method limits the substrate scope.3’
Taking advantage of VCs binding properties, a more promising
approach was used by Sheldon et al. incorporating vanadate(V)
in the biological scaffold of several proteins (albumin, apo-
ferritin, phytases, acid phosphatase, phospholipase D,
aminoacylase, sulfatase) giving rise to a wide range of
semisynthetic ArMs.3%> The highest success in terms of yield,
turnover and selectivity has been reached with the phytases
class of peroxydases;3% 33 36 particularly, vanadate(V)-loaded
Aspergillus ficuum phytase led to a phytase-vanadate ArMs that

catalyzes  sulfoxidation of sulfides with  promising
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enantioselectivity (66%).167 Further improvements of catalytic
properties for asymmetric sulfoxidation as well as the
expansion towards other substrates and reaction types, require
a novel rational design based on a deep understanding of the
factors governing the processes.

The active site of phytase is structurally similar to that of acid
phosphatase and V-chloroperoxydase (VCIPO), suggesting a
similar environment with the axial coordination of VYO, moiety
by a His-N plus secondary stabilization through H-bond with
His404, Lys353 and two arginine side-chains, Arg360 and
Arg490. Mechanistic hypotheses also pointed out similarity with
VCIPOs, with the sulphide entailing a nucleophilic attack toward
the side-on coordinated peroxide in an asymmetric manner
favoured by the secondary interactions and hindrance exerted
by the protein scaffold toward the substrate.3* However,
neither 3D structures nor complete mechanistic studies of VVOg-
phytase have been reached so far and a clear picture of the
enzymatic catalysis is still elusive.

In a first attempt to rationalize the biocatalysis of VCIPO, taking
advantage of the X-ray structure of both resting and peroxo
intermediates, Pecoraro and De Gioia investigated the
formation of the peroxo complex by means of DFT using the
model catalyst [VVO,(OH),(Im)]-, where Im is imidazole.168 Their
results highlighted that the protonation of [VVO,(OH),(Im)]- to
give [VVO2(OH)(OH3)(Im)] is the first step leading to the
activated cofactor with a water molecule in the apical position.
The second step is the replacement of water by H,O, through a
dissociative pathway giving rise first to the side-on hydroperoxo
species [VVO,(H20,)(OH)(Im)], with an energy barrier about 7
kcal mol, that — in its turn — evolves in a practically barrierless
process to the side-on peroxo active catalyst [VO(OH)(O)(Im)].
For the step entailing the conversion of the hydroperoxo- to
peroxo-intermediate, a series of water mediated proton-
transfers have been invoked, pointing out that the presence of
species acting as proton shuttles significantly decreases the
kinetic of the process (Fig. 17). In a subsequent study, Gascén et
al. integrated already reported 31V NMR, UV-Vis with full atom
QM/MM study, providing further insight onto the protonation
of the resting state.’®® In that work, the experimental 51V
chemical shifts (6iso) and excitation wavelength (Amax) have been
compared with the computed parameters for a series of eight
different protonation states. As a conclusion, it was confirmed
that the protonation state displaying an apical H,0 leads to the
smallest deviations (ASiso and AAmax) as well as the lowest energy
of the series, highlighting also the fundamental role of His404 in
the stabilization of the activated cofactor. A recent QM/MM
study pointed toward the same direction, although in those
simulations the H-bond is mediated by an additional water, V—
OH,---OH;,---N-His.179 Moreover, in the same work with Natural
Bond Orbital (NBO) and Atoms-In-Molecules (AIM) approaches,
additional H-bonds between the oxo ligands and Lys353, Arg360
and Arg490 have been highlighted, suggesting their role in
enhancing the rate of catalysis. The H-bond with Lys353 seems
to be an important factor for polarize the peroxo group, in fact
the mutation Lys353Ala resulted in a considerably reduction of
the catalytic efficiency.’! Pecoraro and De Gioia first,172 and
Pacios and Galvez afterward,'’3 with QM cluster methods

This journal is © The Royal Society of Chemistry 20xx

Fig. 18 Modelled structure of V'VO(H,0)s=Sav. Interacting residues are shown in
stick representation. In green Trp120 from monomer D, which closes the biotin
pocket, is indicated. Adapted from ref. 38.

completed the cycle for the chlorination, bromination,
sulfoxydation and iodination reaction of VHPOs. From the end-
on peroxo intermediate a nucleophilic attack by X~ or RSR on
the polarized pseudo-axial oxo, with concomitant O—0 breaking
in a SN, like mechanism, leads to a penta-coordinated trigonal
bipyramid. The energy barriers associated to the process, when
computed in presence of Lys353 model and using continuum
model for simulating the protein scaffold, result in the range of
8.5-17.4 kcal mol=1, making the process quite affordable. From
the trigonal bipyramidal intermediate, axial O protonation and
I0H substitution by H,0 follow in a barrierless manners, closing
the cycle and recovering the catalytic four-coordinated species
(Fig. 17).

The limited structural and mechanistic studies on V-based
enzymes, particularly for asymmetric processes, should be
considered one of the main reasons behind the little progress in
the field. In fact, in the context of de novo design of V-based
ArMs, a unique example was reported so far by Ward and
the
streptavidin (Sav) scaffold.38 The novel hybrid catalyst displayed

coworkers incorporating oxidovanadium(lV) into
excellent performances in terms of ee and conversion in the
asymmetric oxidation of alkyl, dialkyl and aryl sulfides in the
presence of t-BuOOH as an oxidant. Structural and mechanistic
insights have been obtained by the integrated application of
EPR, modification of the reaction conditions, mutation
experiments and molecular docking, proving the VVOZ* inert
binding at the biotin site. EPR analysis of the binary system
VIVO2+—Sav shows a value of HFC A, of 182x10~4 cm~! coincident
to that for the aquaion in aqueous solution,
demonstrating the absence of coordination by donors stronger
than water-O, and suggesting an inert binding. Performing the
reaction with an excess of biotin resulted in the racemic
product, while using biotin-free Sav led up to 93% of selectivity
and quantitative conversion, indicating that VVO2* binds the
same pocket of biotin. Docking analysis focused on the biotin
pocket using the DFT minimum of [VIVO(H,0)s]%* as metallo-
ligand showed a clear interaction of the moiety sharing similar
H-bond network by Asp128, Asn23, Ser27, Ser45 displayed by

recorded
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Fig. 19 Deconvoluted ESI-MS TOF spectra recorded on the systems containing: a)
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biotin (Fig. 18). The model was refined by MD simulation
confirming the stability of the adduct, as well as the retention
of the secondary interaction network along the whole trajectory
of 6 ns. Finally, mutation of the Asp128 to Ala resulted in a total
loss of stereoselectivity, supporting the biotin pocket as the
active site and Asp128 as one of the main factor of the observed
ee. Interestingly, using bulkier sulfide substituents increased
the ee, highlighting the role of proper substrate dispositions in
the active site for efficient selectivity. Future V-based ArMs
design strategies should be built on top of the information given
by these integrated studies rationally handling either the
catalytic center or introducing the proper interactions in the
second coordination sphere to control both stereo- and regio-
selectivity.

5. Generalization to other MCs

The proposed integrated experimental/computational
approach is applicable to a wide ensemble of metallodrug—
protein/peptide systems or to metal based cofactors-ArMs for
which no structural data are available. Recent applications are
the binding elucidation of Pt- and Ru-based metallodrugs in
proteins as well as the Cu- and Mn-based cofactors in artificial
metalloenzymes.? 174,175,176

In the field of metallodrug design, the binding sites of
antiarthrytic Auranofin and other cytotoxic gold compounds
under experimentation share the same structural motif and
[Au'(PEt3)]* moiety has released in aqueous solution.177, 178, 179
HSA is the protein candidate to transport Au(l) species in a
human organism, even though no X-ray determinations are
reported for the adducts between the Au'(PEt3)* moiety and
HSA. The system can be fully characterized by an integrated
approach in which EPR is replaced by NMR suitable for
diamagnetic species. The major peak in the ESI-MS TOF spectra
at 66756.2 Da is attributed to [Au(PEt3)]-HSA, while another
peak at 67072.0 Da could be assigned to 2[Au(PEt3)]—HSA, with
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Fig. 20 The two binding sites proposed by docking calculations for interaction of
[Au'(PEts)]* moiety to HSA. The primary binding site with Cys34 (on the right) and
EQE fﬁc.ondary binding site with His146 (on the left) were shown. Adapted from
two fragments bound to different residues (Fig 19). TH NMR
spectra suggested that the binding of Cys34-S- to Au' causes a
movement of Cys34 residue from a buried to an exposed
environment which —in its turn — is coupled to a motion of His3
in the N-terminal region of the domain IA of albumin.180
Therefore, based on MS and 1H NMR evidence, it was concluded
that Cys34 is the first residue interacting with Au'(PEts)*
fragment.180, 181, 182 Ayration of Cys34 has been recently
reported by X-ray crystallography,183
evidences of the affinity of Auranofin toward thiols.184 185
Docking studies, integrating spectroscopic/spectrometric data,
allow to confirm this binding with Fnax = 41.8 (Fig. 20).
Interestingly, dockings suggest another interacting site, His146
with Fmax = 31.4, located in the hydrophobic region of the
protein (Fig. 20), and this second adduct would account for the
species 2[Au(PEts)]-HSA revealed in the ESI-MS spectra.182
Notably, this finding is in line with the results of Sadler and co-
workers for cyclophilin which — despite the four Cys in its
structure — would bind [Au'(PEt3)]* with His133.186

In a second example of integrated study, the binding sites and
modes of oxaliplatin to insulin have been characterized by the
integration of ESI-MS reported data with a multilevel docking,
MD and QM/MM strategy.174 Oxaliplatin, containing the labile
dianionic oxalato ligand, in the bloodstream gives [Pt(dach)]?*
or hydrolysis products like [Pt(dach)(OH)]*, with two or one
coordination vacancies with which serum bioligands could
interact. This phenomenon has been pointed out to be
responsible of off-target interactions. Insulin is one of the
potential off-targets for Pt-drugs since it is involved in
bioavailability reduction and might also determine resistance in
certain cancer lines. By a preliminary docking assay three

as well as further

binding sites compatible with the experimental data have been
characterized, and — upon MD relaxation — the QM/MM
structures and binding energy have been obtained (Fig. 21). The
primary binding mode (Fig 21, a) could facilitate the reduction
of a disulphide bridge inducing a conformational change of
insulin with potential effects on its biological functions (Fig 21,
b). Moreover, in the same work, it was confirmed the potential
simultaneous binding to insulin of two Pt' moieties, [Pt(dach)]?*
and [Pt(dach)(OH)]*, as suggested in the literature by ESI-MS
based techniques (Fig 21 ,a).174

Similar integration between coordination dockings, MDs and
spectroscopy have been recently applied for the study of the
interaction of [Ru(n®-p-cymene)Cly(L)] potential metallodrugs,
where L is an isothiazole ligand, to calf thymus deoxyribonucleic
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a)

Fig. 21 QM/MM optimized structures of the a, B, and y binding modes for the
:‘rétfe.:rie;c‘t!on of [Pt(dach)]?* and [Pt(dach)(OH)]* moieties with insulin. Adapted from
acid (CT-DNA) and HSA.75> The modelling ascertained the
coordination of Ru to N(7)dG7 of CT-DNA and Glu292 of HSA,
that remembers the binding of [Ru'(1,4,7-
trithiacyclononane)(ethylenediamine)Cl]* to lysozyme through
the side-chain of Asp101 and to proteinase K through Asp200 or
Asp260, which replace the released chloride ligand.'87 The
results supported the affinity of these potential drugs either
toward CT-DNA major groove or lla subdomain of HSA.

The integrated strategy here presented has been also applied in
the field of artificial metalloenzymes design, particularly to a
specific homodimer variant, A3, of the aRep family of artificial
repeat proteins.188.189 The interest of this scaffold relies on the
stability of its interdomain cavity and in the possibility to
express the protein as a single chain bidomain metalloenzymes,
offering the opportunity to selectively link a co-factor to one of
its mutated subunits (A3’). In two subsequent works the 1:1
covalent anchoring of Cu(ll)-phenanthroline, Cu(ll)-terpyridine,
and Mn(lll)-tetraphenylporphyrin by a single mutation have
been explored and their catalytic activity rationalized by means
of instrumental/computational integration, suggesting the key
factors of both selectivity and activation mechanisms of the
ArMs.2 176

6. Conclusions

This review provided with major proof of concept evidence on
the power of integrated instrumental data with MM and QM
based computation either for metallodrugs or ArMs design with
particular emphasis on vanadium systems.

The primary focus was on the recent expansion of protein-
ligand dockings towards the inorganic world. After generated
new scoring functions optimized for metal ions and metallo-
ligands, the approach was validated on several structures
formed by main group- and transition metal-containing ligands
with various coordination numbers, geometries, and accessible
coordination sites. Since the basis of the scoring function is to
adapt H-bond terms to simulate coordination bonds, this
approach is virtually adaptable to almost all docking programs.
A second focus was to illustrate the efforts made for bridging
computation with EPR and ESI-MS, two methods that provide
insight on the interaction of metals with proteins but do not
provide full three dimensional resolution of the entire system.
Indeed, dealing with paramagnetic VIV compounds, EPR gives
information about the nature of the equatorial donors of the

This journal is © The Royal Society of Chemistry 20xx

complexes, while ESI-MS on the number and stoichiometry of
the metal-protein adducts formed, beside the speciation in
solution.

The relevance of the results obtained integrating experimental
and computational information clearly opens the way not only
for a rational design of new vanadium and metal based
pharmacologically active compounds but also for the
development of a vast number of fields in bioinorganic
chemistry. This is actually what is proven in the showcases
presented on V-based ArMs design, highlighting how a
complete molecular knowledge offers the opportunity to design
novel ArMs or improve known enzymes for new reactions.

The series of works discussed in this review highlights the
manifold and multivariable nature of V species binding, which
depends on: i) the conformation of the protein; ii) the stability
and geometry of the complexes; iii) the ability of the chelating
ligand to establish secondary interactions with the protein
scaffold. The knowledge of binding sites and motifs opens the
way for a rational design of specific guests modulating either
their possibility to form H-bonds or van der Waals contacts with
the host scaffold, or favouring asymmetric catalysis by mutating
the environment.

The combined approach described for V species is completely
generalizable toward systems containing different metals using
other spectroscopic techniques in dependence of the metal
features, such as NMR or UV-Vis for diamagnetic systems. The
computational techniques described can be also applied to any
metal species using the new series of metal force constants
implemented recently into the GOLD framework or improving
the opportune parameters for the specific system under
analysis. To highlight the importance of integrating
experimental/instrumental and computational techniques in
the study of metal-protein and, in general, chemical systems,
we conclude this review paraphrasing a famous Einstein's
sentence: "Experiment without

computation is lame,

computation without experiment is blind" 190
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# In docking terminology the chemical moiety interacting
with the protein is named ligand. This term could cause
confusion when the ligand is a metal complex. Therefore,
when it refers to the terminology used in the docking
studies, it is written in italic in the text.
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