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The empirical basis of objective science has
thus nothing ‘absolute’ about it. Science does
not rest upon solid bedrock. The bold structure
of its theories rises, as it were, above a swamp.
It is like a building erected on piles. The piles
are driven down from above into the swamp,
but not down to any natural or ‘given’ base;
and if we stop driving the piles deeper, it is
not because we have reached firm ground. We
simply stop when we are satisfied that the piles
are firm enough to carry the structure, at least
for the time being. (Karl Popper, The Logic of
Scientific Discovery, 1934)
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Abstract

Decoding the interaction of transition metal complexes with proteins is funda-
mental in biology, pharmacy, medicinal chemistry fields, as well as in the design
of artificial metalloenzymes. X-ray crystallography and Nuclear Magnetic Reso-
nance (NMR) methods provide with explicit structural description of the system
although their application is far from trivial. Other spectroscopic methods give
insight on the protein region where the metal species is bound or on the amino
acid type involved in the metal coordination. Mass spectrometry based techniques
can determine the metal moieties-protein stoichiometry, and often suggest the
coordinating amino acids. These instrumental techniques though are not able to
provide with a complete three dimensional description of the system.

This Ph.D. was aimed at expanding molecular modeling applicability to
the prediction of the interaction of metallo-ligands with proteins. The thesis
has been built on two major pillars. On the one hand protein-ligand docking
techniques have been updated to deal with protein-metal coordination bonds
formation and on the other, the resulting tools have been applied to a series
of practical cases. These have been focused on the study of the interaction of
vanadium based insulin-enhancing, and platinum based anti-tumor metallodrugs
with their biological target, and the characterization of a copper based artificial
metalloenzyme with Diels-Alderase activity. Moreover, a new integrated approach
based on the combination of molecular modeling with the EPR and ESI-MS
instrumental techniques, is presented. This part of the work provides with major
proof-of-concept on the power of coupled experimental and theoretical approaches
for the rational design of new metallodrugs as well as act as a guide in a large
number of fields in bioinorganic chemistry.
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Riassunto

Cartterizzare l’interazione tra i complessi dei metalli di trasizione e le proteine
è fondamentale in diversi campi della ricerca scientifica come la biologia, la
farmacologia, la chimica farmaceutica e il disegno di nuovi metalloenzimi artificiali.
La diffrattometria a raggi-X e la Risonanza Magnetica Nucleare (NMR) possono,
potenzialmente, fornire un’accurata descrizione strutturale del sistema, nonostante
possano presentare svariate difficoltà che spesso ne precludono l’applicazione. Altre
tecniche spettroscopiche sono in grado di fornire importanti informazioni circa la
regione della proteina in cui si trova legato il complesso metallico o, ancora, sul
tipo di donatori coinvolti nel legami di coordinazione metallo-proteina. Tecniche
basate sulla spettrometria di massa sono in grado di determinare il rapporto
stechiometrico metallo/proteina degli addotti formati però raramente possono
dare indicazioni sull’amminoacido specifico che coordina il metallo.

L’obiettivo principale di questo lavoro di tesi è stato affrontare questa problem-
atica da un punto di vista computazionale. A tal fine si sono estese le principali
tecniche di modellistica molecolare, usate fino ad ora principalmente su sistemi
organici, allo studio e alla predizione dell’interazione tra complessi di metalli di
transizione con le proteine. La tesi presenta due diversi livelli, da una parte lo
sviluppo metodologico di nuove tecniche di docking capaci di descrivere il legame
di coordinazione proteina-metallo, e dall’altra la applicazione di queste tecniche
ad una serie di casi di interesse pratico. Nello specifico lo studio dell’interazione
di metallofarmaci insulino-mimetici a base di vanadio e antitumrali a base di
platino con i loro target biologici e la caratterizzazione di un enzima artificiale, con
attività Diels-Alderasi basata su un cofattore di rame. Viene proposto, inoltre, un
protocollo che integra la modellisca molecolare con tenciche di spettroscopia EPR
e spettrometria ESI-MS. Questo nuovo approccio mostra elevate potenzialità di
applicazione nella progettazione razionale di nuovi metallofarmaci e metallo-enzimi
oltre che nella chimica bioinorganica in generale.
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Resumen

Caracterizar la interacción entre complejos de metales de transición y proteínas
es fundamental en campos de investigación como la farmacología y la química
médica y para el diseño de metaloenzimas artificiales. La difracción de rayos-X y
la resonancia magnética nuclear (RMN) proporcionan una descripción estructural
completa del sistema, aunque pueden presentarse dificultades que impidan su
aplicación. Otras técnicas espectroscópicas facilitan información de la región en
la que el complejo metálico se encuentra enlazado a la proteína, o del tipo de
donadores que dan lugar al enlace, pero no permiten una resolución estructural
explicita del sistema. Técnicas basadas en la espectrometría de masas son capaces
de determinar la relación estequiométrica metal/proteína, pero raramente pueden
dar indicaciones acerca del aminoácido específico que coordina el metal.

El objetivo general de la presente tesis es atacar esta problemática mediante
métodos computacionales de simulación. Para ello, las principales técnicas de
modelización molecular, aplicadas hasta ahora principalmente a sistemas orgánicos,
se han extendido al estudio y la predicción de la interacción entre complejos de
metales de transición y proteínas. La tesis tiene una doble vertiente, por un lado,
el desarrollo metodológico de nuevas técnicas de docking capaces de representar el
enlace de coordinación proteína-metal, y por el otro la aplicación de estas técnicas
a una serie de casos de interés práctico. Como aplicaciones se ha estudiado la in-
teracción de metalofármacos insulino-miméticos a base de vanadio y antitumorales
a base de platino con sus targets biológicos y la caracterización de una enzima
artificial con actividad Diels-Alderasa, basada en un cofactor de cobre. Se propone
además un protocolo integrado para el estudio de interacciones proteína-metal
combinando la modelización molecular con técnicas instrumentales de espectro-
scopia EPR y espectrometría ESI-MS. Esta nueva aproximación muestra elevadas
potencialidades de aplicación en el diseño racional de nuevos metalofármacos y
metaloenzimas, y en el campo general de la química bioinorgánica.
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Chapter 1
Introduction

1.1 Metals, Chemistry and Biology

With more than 30% of the genome encoding for metal containing biomolecules,
the study of the interaction between metal ions and proteins is of fundamental
aspect in biology, pharmacy and medicine. [1–3] Metal ions show a wide range
of biological functions, from structural (Ca, Zn, Si), signalling (Ca), electron
transfer (Fe, Cu, Mo), to acid base (Zn, Fe, Ni, Mn) or redox catalysis (Mn,
V, Fe, Co, Ni, Cu, W). Metals can be strongly bound to the receptor forming
metalloproteins (e.g. Fe, Cu or Zn in cytochrome, blue proteins and Zn fingers),
or weakly, playing an activator role on metal dependent enzyme (e.g. Ca, Mg,
and Mn in kinases or adenylate cyclase). The kind of interaction governing the
metal to protein binding process depends on the metal nature, and moves to pure
electrostatic for main group metals, to proper coordination bond in transition
metals (TM). The most common protein donors are represented by amino acid
side chains and in particular, depending on the Hard or Soft character of the
metal can be nitrogen atoms of histidine, oxygen atoms of glutamate, aspartate,
tyrosinate or asparagine and glutamine residues, sulphur atoms of methionine and
cysteine. Moreover, amide groups of the backbone through O- or deprotonated
N-donors are sometimes implied in coordination. [4] Additionally, metal ions are
also involved in diseases such as neurodegenerative pathologies with amyloid
plaques formation, transmissible spongiform encephalopathies, the Lewy bodies
of Parkinson’s disease and many others. [5–11]

Over the last years, the chemical research was inspired by the metals biological
functions and applied in many fields like therapy (e.g. metallodrugs), diagnosis (e.g.
biosensors) and industrial processes (artificial metalloenzymes, ArM). [2, 3, 12–22]



Introduction

In this field the role of Computational Chemistry has reached an increasing role
to support and complement experimental results. [23–27]

1.1.1 Metals in Living Organisms
About 24 periodic table’s elements are currently recognized as essential al-

though the precise requirements spread between µg/kg to mg/kg within different
organisms. The organic elements H, C, N, and O, followed by the alkaline and
alkaline earth metals Na, K, Mg, Ca and the main group elements Cl, F, P, S, Si
and Se. Furthermore, trace elements such as the main group Br, Si and Sn or the
transition metals Mn, Fe, Cu, Zn, Co, Cr, Mo V, Ni are also defined as essential for
several organisms. [28–31] The definition essential is given for those elements for
which a physiological deficiency appears if removed, and disappears if reintroduced
in the diet and/or their specific biological function is well characterized. Among
the transition metals mentioned above, Mg, Mn, Fe, Co, Cu, Zn, Mo, V, Ni are
today considered essential or beneficial for humans despite for the two latter, a
precise biological function still elusive. [32, 33]

As reported in Table 1.1 for several selected elements, the amount of metal
ions at service of life can be related to their abundance in earth and oceans that
can vary over several orders of magnitude. [4, 34]

Element Crust(ppm) Sea Water(µM) Blood Plasma(µM) Cell/Tissue(µM)

Ca 4× 104 1× 104 2× 103 1× 103

Cd 0.2 1× 10−3

Co 25 2× 10−5 2.5x10−5

Cu 55 4× 10−3 8− 24 ∼ 68
Fe 5× 104 1× 10−3 22 0.001− 10
K 3× 104 1× 104 4× 103 1.5× 105

Mg 2× 104 5× 104 500 9x103

Mn 950 5× 10−4 0.1 180
Mo 1.5 0.1 5× 10−3

Na 3× 104 5× 105 1× 105 1× 104

Ni 75 8× 10−3 0.04 2
V 135 0.03 0.07 0.5− 30
W 1.5 5× 10−3

Zn 70 0.01 17 180

Table 1.1: Average relative abundance of selected elements in earth’s crust, sea
water, mammalian blood plasma and mammalian cells or tissues from ref. [34]
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1.1. Metals, Chemistry and Biology

For mammalian cells the source of metal ions is the blood plasma, in which
the levels of metal ions are controlled within a narrow range of concentrations
by regulating absorption and/or excretion of metal ions from the body. Cells
that obtain their metal ions from plasma accumulate most of these elements to
much higher levels than the plasma itself. The observation that cells must often
acquire metal ions against a concentration gradient demonstrates the importance
of efficient metal ion uptake systems.

The chemical properties of metal ions can greatly affect their availability to
organisms, among them redox chemistry, hydrolysis, solubility, chelation of the
free ion and ligand exchange rates must be mentioned as will be discussed in the
following section for case of vanadium.

It must be highlighted that, as reported in Table 1.2, Soft metals rarely are
essential for life, moreover they are often toxic (Hg+ , Hg2+ , Cd2+ , Tl+).

Hard Borderline Soft
Acids

H+, Li+, Na+, K+,
Be2+, Mg2+, Ca2+,
Sr2+, Sc3+, Al3+,
Ga3+, In3+, Cr3+,
Co3+, Fe3+, Ir3+,
La3+, Si4+, Ti4+,
Zr4+, Th4+, U4+,
VO2+, UO2+

2 , BeMe2,
BF3, BCl3, B(OR)3,
AlCl3, AlMe3

Fe2+, Co2+, Ni2+,
Cu2+, Zn2+, Sn2+,
Pb2+, Rh3+, B(CH3)3,
R3C+, SO2 , NO+

Cu+, Ag+, Au+, Hg+,
Cs+, Tl+, Hg2+, Pd2+,
Cd2+, Pt2+, MoO2+

2

Bases
H2O, OH−, F−,
CH3CO2−, PO3−

4 ,
SO2−

4 , CO2−
3 , NO3−,

ClO4−, O2−, ROH,
RO−, R2O, NH3,
RNH2, N2H4

Aniline, pyridine, N−3 ,
Cl−, Br−, NO−2 , SO2−

3 ,
N2

S2−, RSH, RS−, R2S,
I−, CN−, SCN−,
S2O−3 , R3P, R3 As,
(RO)3P, RNC, CO,
C2H4 , C6H6, R−, H−

Table 1.2: Hard and Soft acids and bases from ref. [35]

G.Sciortino 3



Introduction

Considering the HSAB (Hard and Soft Acids and Bases) [36, 37] principles,
these Soft ions exhibit high affinity for Soft bases, thus, also in a very low
concentration, are able to disrupt the structure and function of enzymes through
hydrogen bonds or disulphure bond breaking by forming S-metal bonds. None of
the typical Soft metal ion is essential, except Cu+ which can be present during
redox reactions involving Cu2+ ions or intra-cellularly tightly bound by especially
designed chaperons and metalloenzymes.

On the contrary, many of the borderline transition metal ions are essential
and their appreciable Lewis acidity make them able to selective coordinate some
fundamental ligands (e.g. O2) or to improve the acidity or reactivity of ligands.
Moreover, some of them show several accessible oxidation states, sometimes dif-
fering only by one electron, allowing to catalyze redox enzymatic reactions. [38]

Metal ions or their compounds have several biological functions which can be
summarized as follows: [30,35,38]

i) participation in degradation, formation or metabolism of organic compounds
in several enzymes (Zn2+)

ii) transfer of electrons in redox pairs, also by stabilizing “unusual” oxidation
states of redox-active metals: Fe(II), Fe(III), Fe(IV); Cu(I), Cu(II); Mn(II),
Mn(III), Mn(IV); Mo(IV), Mo(V), Mo(VI); Co(I), Co(II), Co(III)

iii) catalysis of a wide class of reactions under physiological conditions: most
of the transition metals are able to provide unpaired electrons and to
concurrently donate electronic charge through a π back donation bonding.

Some general characteristics as electronic d configuration, coordination number
(CN) and geometry, donor preferences and biological functions of transition metals
are reported in Table 1.3.
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Metal Ion C.N. Geometry Donors Functions
Mn2+(d5) 6 Octahedral O-Carboxylate,

Phosphate,
N-Imidazole

Structure in oxidases,
photosynthesis

Mn3+(d4) 6 Tetragonal O-Carboxylate,
Phosphate,
Hydoxime

Structure in oxidases,
photosynthesis

6 Octahedral O-Carboxylate,
Phenolate,
Alkoxide, Oxide,
N-imidazole,
Porphyrins

Fe2+(d6) 4 Tetrahedral S-Thiolate Electron transfer, nitro-
gen fixation in nitroge-
nases

6 Octahedral O-Carboxylate,
Phenolate,
Alkoxide, S-
Thiolate, Oxide,
N-Imidazole,
Porphyrins

Electron transfer in oxi-
dases, O2 transport

Fe3+(d5) 4 Tetrahedral S-Thiolate Electron transfer, nitro-
gen fixation in nitroge-
nases

6 Octahedral O-Carboxylate,
Phenolate,
Alkoxide, Oxide,
N-Imidazole,
Porphyrins

Electron transfer in oxi-
dases

Co+(d8) 6 Octahedral O-Carboxylate,
N-Imidazole

Alkyl group transfer in
vitamin B12s

Co2+(d7) 4 Tetrahedral S-Thiolate,
N-Imidazole

Alkyl group transfer, ox-
idases

6 Octahedral O-Carboxylate,
N-Imidazole

Alkyl group transfer in
vitamin B12r

Co3+(d6) 6 Octahedral S-Thiolate,
Thioether,
N-Imidazole

Alkyl group transfer in
vitamin B12

Cu+(d10) 4 Tetrahedral S-Thiolate,
N-Imidazole

Electron transfer in
Type I blue copper
proteins and Type III
heme-copper oxidases

Cu2+(d9) 4 Tetrahedral S-Thiolate,
N-Imidazole

Electron transfer in
Type I blue copper
proteins and Type III
heme-copper oxidases

4 Square Planar O-Carboxylate,
N-Imidazole

Type II copper in oxi-
dases

5 Square Pyrami-
dal

O-Carboxylate,
N-Imidazole

Type II copper oxidases,
hydrolases

6 Tetragonal O-Carboxylate,
N-Imidazole

Type III copper hydrox-
ylases, dioxygen trans-
port in hemocyanin

Zn2+(d10) 4 Tetrahedral O-Carboxylate,
Carbonyl,
S-Thiolate,
N-Imidazole

Structure in zinc fingers,
gene regulation, anhy-
drases, dehydrogenases

5 Square Pyrami-
dal

N-Imidazole,
O-Carboxylate,
Carbonyl,

Structure in hydrolases,
peptidases

Table 1.3: Ligands and geometries preferred by different metal ions. From ref. [35]
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1.1.2 Metals in Medicine

Medicinal chemistry has arisen as a field covering the design and synthesis of
novel drugs based on knowledge related to their function at the molecular level.
This new prospect enabled the development of metal coordination compounds
acting as useful metallodrugs which interact with a specific molecular target
(pharmacodynamics), and being capable of reaching that target (pharmacoki-
netics). As the main difference respect to many organic drugs, which follow
conventional design rules, metallodrugs are in general pro-drugs that undergoes
in vivo transformations before reaching their target sites. As mentioned in the
previous paragraph the bio-transformations can include redox reactions of the
metal ion, ligand substitution, or reactions of organic functionalities of the ligands
far from the metal. The exact knowledge of the speciation and mechanisms of
action of these compounds is a fundamental aspect in metallodrugs design and it
requires drawing together the reactivity of the metal and their ligands.

Metals were proposed in various fields of medicine and several health problems
as bacterial, viral (particularly HIV), and parasitic infections such as malaria,
are being investigated on metal-based medicine research. [3, 39–44] Promising
applications were pointed out in the treatment of several diseases like cardiovas-
cular, age-related inflammatory diseases, neurological diseases (e.g., Parkinson’s,
Alzheimer’s), cancer, diabetes, and arthritis. [45–50] As an example of this family
of compounds can be mentioned the antiulcer agent BiIII−citrate (De NolTM), the
antiarthritic triethylphosphine AuI complex (auranofin), the anticancer derivatives
of cisplatin such as carboplatin and oxaliplatin, the antitumor RuIII NAMI-A
and the GdIII complexes used for contrast enhancement in magnetic resonance
imaging (MRI). [2, 3, 12–14,17]

In 1985, an orally active gold drug named auranofin ((2,3,4,6-tetra-O-acetyl-
1-thio-κS-β-D-glucopyranosato-S)(triethylphosphine)gold(I), Ridaura) was intro-
duced for the treatment of rheumatoid arthritis. [17,51,52] Auranofin was shown to
be also highly cytotoxic to tumor cells in culture and is currently being evaluated
for the treatment of chronic lymphocytic leukemia (CLL) in phase II clinical
trials. [53] Other AuI species based on the moiety [Au(PEt3)]

+ for example,
[Au(Et3P)Cl, [Au(Et3P)CH3], [Au(Et3P)CN], [Au(Et3P)SCH3], Au(Et3P)SCN],
[Au(Et3P)SPh] were evaluated for in vitro cytotoxicity against both B16 melanoma
cells and P388 leukemia cells and in vivo anti-tumor activity against P388 leukemia
in mice. [54]

Cisplatin (Figure 1.1 a) has a central role in cancer chemotherapy, especially
for testicular cancer for which the overall cure rate exceeds 90%, and is nearly
100% for early-stage disease. [55, 56] Cisplatin have been in widespread use for
many years to treat several other forms of cancer, including ovarian, cervical,
head and neck, and non-small-cell lung cancer, usually combined with radiation
or other medications. Cisplatin is believed to induce apoptosis in cancer cells by
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covalently modifying the DNA. [57] The treatment is limited, however, by side
effects including nephrotoxicity, emetogenesis and neurotoxicity. [58]

The search for anticancer platinum compounds to replace cisplatin – which
has several side effect such as kidney toxicity, nausea, vomiting, tinnitus and bone
marrow suppression - has brought to the second generation Pt drugs with lower
toxicity. Among others, these compounds include carboplatin and oxaliplatin
(Figure 1.1 b and c). [16, 17, 59] Oxaliplatin (whose clinically used infusion is
named Eloxatin), [Pt(dach)(ox)], where dach is 1R,2R-diaminocyclohexane and
ox is oxalate, is an anticancer drug which has been approved for clinical use in
the European Union in 1999 and in the United States in 2002. [60,61] Oxaliplatin
is especially effective against metastatic colorectal cancer and is much less nephro-
and ototoxic than cisplatin. In addition, oxaliplatin can be used to treat cisplatin-
resistant tumors. Oxaliplatin contains the labile dianionic oxalate ligand and in
the blood gives [Pt(dach)]+, with two free coordination positions, that can be
attacked by serum bioligands, among which proteins.

Figure 1.1: Structure of cisplatin (a), carboplatin (b), and oxaliplatin (c)

Large number of ruthenium compounds have been synthesized and tested
for their anticancer properties. Two of the them, named NAMI-A and KP1019,
which contain RuIII, are in clinical trials. [62, 63] The experimental evidence
that these complexes could be reduced by bioligands of the orgainism, suggested
that the reduction of RuIII pro-drug to RuII is a fundamental step to achieve
their pharmacological activity. [64, 65] Therefore, the anticancer potential of RuII

species has been examined and, among these compounds, generically indicated
generically as RAPTA species, [RuIICl2(η−6-arene)(pta)], where pta is 1,3,5-
triaza-7-phosphaadamantane, have shown very promising action and possible
application. [66]

1.1.3 Metallo Enzymes
All reactions that take place in biological environment have to be carried out

under strict control, they must only happen as they are required and where they
are required. The way for which organisms obtain this total control is employing
reactions that can only proceed under enzymatic catalysis that increases the
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reaction rate up to a factor of 1017. [67] More than half of all enzymes have metal
ions in their structure. Metalloenzymes range in size from about 80 amino acids
(as in the case of cytochrome c551) up to hundred of kDa (such as for glutamine
synthetase). In most cases, the metals are essential to the catalytic action of the
enzyme and are often at the active site where the substrate for the biochemical
reaction is bound. Several enzymes catalyzed reaction require a given co-catalyst
such as in the case of the coenzyme B12 for which a Co-containing cofactor is
required. In general, the metal ions can: i) act as an anchoring for the substrates
through coordination bond or electrostatic interactions; ii) enhance the acidity of
the coordinated substrate; iii) act as a redox center: iv) play a simple structural
role.

Figure 1.2: Scheme of selected metalloenzymes active site: a) Fe-superoxide
dismutase, b) heme P450, c) Fe-S simplest cluster, d) azurin, e) galactose oxidase,
f) hemocyanin, g) Zn alcohol dehydrogenases, h) Mn superoxide dismutase and i)
molybdopterin
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Mononuclear Fe proteins are in general oxidoreductases such as Fe-superoxide
dismutase (Figure 1.2, a), lipoxygenases, nitrile hydratase etc. or electron transfer
enzymes such as rubredoxins or photosynthetic centers. The most common
Fe-coordinating donors are N-Imidazolic of histidines, S-Thiolate of cystein or
N-amide of the backbone. The active site of dinuclear oxidoreductaxe such as
alkenehydroxylase, methane monooxygenase, and phenolhydroxylase is formed by
a coupled binuclear iron center connected by several bridging O-carboxylate and
N-Imidazolic histidine residues.

The prostetic group of hemoproteins is represented by an iron porphyrin in
which the axial coordination positions are used for the scaffold and substrate
coordination (Figure 1.2, b). The most common hemoproteins are oxidoreductases,
catalases or peroxidases, and electron transfer proteins such as cytochromes. [68,69]
Iron-sulfur proteins are characterized by iron-sulfur (Fe-S) clusters containing
sulfide-bridged di-, tri-, and tetra-iron centers with variable oxidation states (Fig-
ure 1.2, c), the most common Fe-S enzymes are ferredoxins, NADH hydrogenases,
dehydrogenases, cytochrome c reductases and nitrogenases. Fe-S proteins play a
central role in respiratory chains, of either bacteria and archaea or in the mitochon-
ria of eucaryot organisms. Additional functions are stereo-specific isomerization
of citrate to isocitrate (aconitase) or the redox-dependent gene regulation. [67]

Copper containing enzymes are involved in activation processes and electron
transport. Type I centers such as ascorbate oxidase, ceruloplasmin, laccase,
nitritereductase, auracyanin, and azurin are characterized by a copper ion coor-
dinated by two N-Imidazolic nitrogens of histidine and a S-Thiolate of cysteine
in a trigonal planar arrangement and a variable axial amino acid donor (Fig-
ure 1.2, d). Type II centers are in a square planar arrangement, coordinated
by N or N/O ligands such as in in galactose oxidase (Figure 1.2, e). Type III
are dinuclear centers, each coordinated by three N-Imidazolic of histidine such
as in catechol oxidase, hemocyanins, tyrosinase (Figure 1.2, f). The dinuclear
copper A center of cytochrome c-oxidase is coordinated by two N-Imidazolic of
histidine, S-methionine, O-carbonyl and two S-Thiolate of cysteine bridging the
copper atoms. In cytochrome oxidase, copper B centers, are coordinated by three
N-Imidazolic of histidine. The four copper center of nitrous oxide oxidase is
coordinated by seven N-Imidazolic of histidine residues. The four ions are bridged
by one S-Thiolate. Besides cytochrome oxidase, monoamine-oxidase, laccase,
caeruloplasmin, superoxide-dismutase and hemocyanine are other examples of
oxygenases or dioxygenases. [70]

Zinc proteins with catalytic activity are generally characterized by the co-
ordination of three side chains donors and a water molecule in a tetrahedral
arrangement. The filled d orbital of Zn2+ provide a redox inertia to the metal,
however their rather Lewis acid character is favorable for reactions like proteoly-
sis or hydration of carbon dioxide. Important zinc-containing enzymes are the

G.Sciortino 9



Introduction

alcohol dehydrogenases, metalloproteases and carbonic anhydrase (Figure 1.2, g).
Moreover co-catalytic zinc sites are found in superoxide-dismutases, phosphatases,
aminopeptidases, and β-lactamases. [71, 72]

Nickel in metalloenzymes occurs as Ni-4Fe-5S as in nickel-containing CO
dehydrogenases, coordinated in a tetrapyrrole complex as in in methyl-coenzyme
M reductase with glutamine as axial ligand, in dinuclear NiNi or NiFe complexes
such as hydrogenases and urease or a [4 Fe−4 S]2+ cluster bridged by a S-Thiolate
of cysteine to a dinuclear NiNi center as in acetyl-CoA synthase. [73]

Manganese (normally Mn(II)) in metalloenzymes may act as a simple Lewis
acid catalyst or can also be oxidized to the +III or +IV which allows redox-cycling
reactions. Manganese metal centers may be mono-, bi-, tri-, or tetranuclear. Mn-
superoxide dismutases (SODs) exhibit mononuclear centers and are antioxidant
metalloenzymes catalyzing the redox disproportionation of the superoxide radical,
O –
2 (Figure 1.2, h). The active site manganese is five-coordinate, with the

metal ligands arranged in distorted trigonal bipyramidal geometry. Mo and W
enzymes catalyze basic metabolic reactions in the nitrogen, sulfur, and carbon
cycles. [74–76] With the exception of the nitrogenase cofactor, molybdenum is
associated with the heterocyclic pterin derivative (molybdopterin) that contains
a mononuclear center, coordinated to the thiols of the cofactor (Figure 1.2, i).
Tungsten exhibits a similar coordination to the pterin cofactors. Due to the higher
sensitivity of W toward high redox potential, tungsten enzymes are found in
(thermophilic) anaerobic bacterial and archaeal microorganisms. [77,78]

Cobalt is the central metal ion in the tertrapyrrolcorrin ring in the coenzyme
B12. The B12-based enzymes catalyze either the transfer of methyl groups between
two molecules or isomerization reactions, e.g. rearrangements of hydrogen atoms
with concomitant exchange of a substituent (e.g., an hydroxylgroup) between two
adjacent carbon atoms in a molecule. In non-corrin cobalt enzymes, cobalt is
complexed by aminoacids such as in nitrile hydratase. [79]

Artificial Metalloenzymes (ArMs)

Homogeneous transition metal catalysts consist of a metal ion covalently
bound to some number of ligands that constitute the first coordination sphere
of the metal. Its reactivity is modulated by the nature of the metallic center
(redox properties, Lewis acidity), the number and donor/acceptor character of the
ligands, and their geometry around the metallic center. In some cases the ligands
can actively participate in the chemical transformation (cooperative metal–ligand
catalysis, redox non-innocent ligands). The first coordination sphere controls the
catalytic activity and selectivity of the transition metal catalyst. Fine-tuning of
the ligand substituents brings in selectivity. In this approach it is possible, using
very sophisticated ligands, to induce enantioselectivity by forcing an incoming
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Figure 1.3: Main features of a transition metal catalyst (a) and an artificial
metalloenzyme (b). Adapted from ref. [80]

reagent to approach selectively from one prochiral side of the substrate (Figure
1.3).

ArMs are devised to harness the potential of transition metal and enzyme
catalysis by combining the best of both worlds in a single entity. The biomolecular
scaffold, which in a simplified way may be described as a very big multidentate and
modular ligand that accommodates metal binding, [81] introduces a secondary
coordination environment that can be readily and extensively fine-tuned. In
such entities the first coordination sphere (metal+ligands) provides the catalytic
activity, while the second coordination sphere afforded by the biomolecular scaffold
confers specificity and selectivity (Figure 1.3). By handling the catalytic center
and introducing the proper interactions in the secondary sphere, it is possible to
control stereo- and regio-selectivities. Compared with transition metal catalysts,
the potential for optimization of ArMs is notably increased. The cofactor and
the biomolecule can be optimized independently through synthetic and molecular
biology approaches. By chemical procedures, the ligands, their substituents, and
the metal itself can be modified. On the other hand, mutating the amino acid
sequence could diversify the host protein. This combined optimization strategy,
called the chemogenetic approach, yields a diverse library of compounds to be
screened for activity and selectivity, and it has proven to be very successful.
Despite some pioneering work in the seventies, [82] the introduction of ArMs to
catalyze chemical transformations relevant for organic synthesis is very recent.
[19, 21,22,81,83,84]

For instance, regarding asymmetric catalysis, inversion of enantioselectivity
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has been achieved by introducing small changes in the bioconjugated systems. In
an artificial enantioselective Suzukiase based on the biotin–streptavidin technology,
varying the length of the spacer between the biotin anchor and the P(t-Bu)2 from
ethyl to propyl affords opposite enantiomers of a biaryl. [85] The same effect has
been obtained by site-directed mutagenesis in the streptavidin (Sav) scaffold of
an artificial imine reductase. Upon substitution of Ser112 with either an alanine
or a lysine, both enantiomers of salsolidine can be produced. [86]

1.2 Vanadium Biochemistry
Vanadium (element no. 23) with a 0.0001% cosmic abundance is quantitatively

comparable to copper and zinc. It is distributed ubiquitously, in soil, fossils
(in particular in crude oil), water, air and living organisms. The earth’s crust,
including the aqua- and atmosphere, contains ca. 130 ppm (by mass) of vanadium,
making it the 21nd most abundant element in the outermost sphere. [87] The
average content in shale, which are particularly rich in vanadium, is 0.012% w/w.
More than 120 vanadium-based minerals are known containing the element in
cationic and anionic form, and in the oxidation states +III, +IV and +V. In sea
water, the average concentration of vanadium is around 30 nM. Vanadium is thus
the second most abundant transition element in marine environments, outmatched
only by molybdenum (ca. 100 nM). [88]

Vandium is an essential element for many biological systems and a trace
element in humans. In general can assume oxidation states ranging from -I to +V
and, +III, +IV and +V have been found in biological systems.

VIII has a 3d2 electronic configuration and is normally hexa-coordinated
with octahedral geometry. However, its relatively large ionic radius allows
it to form hepta-coordinated complexes of distorted pentagonal bipyramidal
structure. At biologically relevant concentrations (< 1 µM), VIII exists as the
aqua ion [VIII(H2O)6]

3+ only in acidic solutions. At micromolar concentrations,
[VIII(H2O)5(OH)]2+ and [VIII(H2O)4(OH)2]

+ are formed with pKa values of 2.7
and 4.0. [88]

VIV has a 3d1 electronic configuration making it an ideal candidate for elec-
tron paramagnetic resonance spectroscopy (EPR). In acidic aqueous solution,
VIV exists as the oxidovanadium(IV) cation [VIVO(H2O)5]

2+ featuring a V−−O
multiple bond. At higher pH, hydrolysis products [VIVO(H2O)n(OH)m]

(2–m)+

are formed before precipitation of the hydroxide VIVO(OH)2. The latter is soluble
in alkaline solution forming anions [(VIVO)2(OH)5]

– and [VIVO(OH)3]
– . [89]

[VIVO(H2O)5]
2+ and [VIVO(OH)3]

– are EPR-active, while the other hydrolysed
species and the hydroxide are EPR silent, evidently due to antiferromagnetic spin
coupling induced by polymerization. [88]

The coordination geometry of VIVO2+ complexes is square pyramidal when
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they are penta-coordinated or octahedral, with different degrees of distortion when
hexa-coordinated. Regular square pyramidal complexes are observed rarely. When
the ligands are bidentate with two different donors, a distortion toward trigonal
bipyramidal geometry is detected. The so-called bare VIV species are very rare
because the oxido ligand of VIVO2+ can be lost only under particular conditions,
usually leading to the formation of hexa-coordinated complexes of stoichiometry
[VIVL3]

2– . L2– must be a ligand such as catecholate, 1,2-benzenedithiolate, male-
onitriledithiolate or hydroxamate. [88] In these cases, the coordination geometry
is intermediate between the octahedron and the trigonal prism, depending on the
ligand bite.

VV has no 3d electrons and can be studied with 51V nuclear magnetic resonance
(NMR) spectroscopy. It exists in alkaline solutions (pH > 13) in the form of
vanadate VVO 3–

4 that can be protonated to form HVVO 2–
4 and H2V

VO –
4 . An

increase of concentration and a decrease of pH leads to the formation of oligonuclear
condensation products. Di-(V2O

4–
7 , HV2O

3–
7 and H2V2O

2–
7 ), tetra-(V4O

4–
12 ),

penta-(V5O
5–

15 ) and deca-vanadates (V10O
6–

28 , HV10O
5–

28 , H2V10O
4–

28 and
H3V10O

3–
28 ) are formed depending on the pH, total concentration and ionic

strength. Consequently, speciation can be very complicated. VO4 tetrahedra
share corners with neighbouring units in a number of these structures, but the
coordination geometry is variable. It can be tetrahedral, as in the case of VVO 3–

4
and its oligomers, penta-coordinated (with geometries intermediate between square
pyramidal and trigonal bipyramidal) or distorted octahedral.

Around pH 7.4, uncomplexed VV forms only anionic species. The most
important are H2V

VO –
4 and HVVO 2–

4 (for concentrations below 1 µM). On the
other hand, the cationic forms VVO3+ and VVO2+ are significantly stabilized by
complexation. [88]

Under aerobic conditions and pH = 7, VIV and VIII are readily oxidized by
O2 (O2/H2O, E◦ = 1.23 V) to VV. However, in the anaerobic environment of the
cytoplasm, specific reducing agents can reduce VVO +

2 to VIVO2+, especially if
vanadium(V) is in uncomplexed form. The reduction of H2V

VO –
4 is less easy,

whereas that of VIVO2+ to V3+ does not occur under common conditions.

The importance of vanadium as an essential element has been established for
a few groups of organism such as ascidians, marine polychaete worms, several
Amanita mushrooms and different bacteria. The function of vanadium, while still
elusive in ascidians and polychete, begins to be understood in vanadium-enzyme
interaction. [90]

G.Sciortino 13



Introduction

1.2.1 Vanadium in Superior Organisms

Vanadium has been classified as an ultra-trace metal for the superior organisms
despite a clear biological role has still to be defined. In humans, nutritional
requirement is less than 1 mg/kg diet and it is present in tissues in the range
of µg/kg. However, even if multiple lines of evidence suggest that vanadium is
beneficial to human health, its mechanism of action remains obscure. [91, 92]

Experiments carried out on rats and chickens have been suggested the fun-
damental role of this metal for the organisms health. In chickens, vanadium
deficiency caused growth retardation, abnormal skeleton development and delayed
feathers of the wings and tail. In rats vanadium deficiency maintained for 4-6
generations caused reduced female fertility, reduced the number of pregnancies
per mating, increased mortality of offspring. [93,94]

Inhibition of kidney tubule (Na+, K+)-ATPase by vanadium caused alimentary
edema, while increased doses could induce diuresis and natriuresis. [95]

Inclusion of vanadium to the diet increased mineralization of bones and teeth
and decreased frequency of caries in rats. [96]

Ammonium vanadate (20− 500 µmol/l) increased positive inotropic effect on
the cat myocardial papillary muscle induced by electric stimulation. [97] However,
the inotropic effect of vanadium was dependent on species of the experimental
animal, tissue, concentrations and chemical form of vanadium, and also on the
presence of other ions and adenylate cyclase activity. Goats fed with less than 10
ng/day diet had difficulty in conceiving and exhibited a high rate of spontaneous
abortion. Other experiments with goats demonstrated that a V–deficient diet
causes skeletal deformations, convulsion and death within 90 days of birth. In
rats, V deprivation resulted in an increase of thyroid weight and a decrease in
growth; it also affected the activity of pancreatic amylase and serum lactate
dehydrogenase. [98]

These findings indicate that physiological amounts of vanadium affect thyroid
hormone and carbohydrate metabolism, providing evidence that it is an essential
element for higher forms of life.

Execces in vanadium administration are found to 7 mg/kg and 35 mg/kg re-
spectively for intravenous administration and breathing air. Acute poisoning in
animals fed an about tenfold excess of vanadium compounds causes paralysis,
convulsion, and eventually death. [90,99]

1.2.2 Vanadium Enzymes

A whole array of bacteria employ vanadium in several biological functions such
as respiratory and electron transport due to the easy interchange between the +V,
+IV and +III oxidation states and the capacity to expand its first coordination
sphere. [100] For bacteria, vanadate(V), as other high valent metal ions, may be an
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electron acceptor in place of O2, used by higher animals and plants. Furthermore,
vanadium bio-catalytic activity is found in the vanadium-dependent Nitrogenases
(VNases) and haloperoxidases (VHPOs) enzymes extracted from marine algae
and terrestrial fungi and lichens. The nitrogenases have vanadium incorporated
as part of the cofactor, whereas haloperoxidases have vanadate incorporated into
the active site. The discovery of these naturally occurring vanadium-containing
enzymes is widely quoted in discussions concerning whether or not vanadium is a
trace element required for life. [101]

VNases catalyze the reduction of N2 to NH +
4 , which is a key step in the

process of nitrogen fixation. In the natural system, the ATP-driven reduction of
N2 to NH +

4 (and commonly some hydrazine) is coupled to the reduction of H+

to H2: [102]

N2 + 14 H+ + 12 e− −−→ 2 NH +
4 + 3 H2 (1.1)

Several additional reductive protonation, such as the reduction of CO to
alkenes can be catalysed by nitrogenases. [102] The catalytically site, is a metal
cluster with the whole core composition VFe7[µ6−C]S9 (Figure 1.4 a). [103]

Figure 1.4: The structure of the active centres in (a) VNases and (b) VHPOs.

VNases can be present (Figure 1.4 a), along with iron-only nitrogenases and the
molybdenum nitrogenases, in bacterial strains belonging to the genus Azotobacter
and in cyanobacteria of the genera Anabaena and Nostoc. The vanadium-based
Azotobacter nitrogenase is more effective than its molybdenum analogue at low
temperatures, and is predominantly expressed when Mo is limited. [100]

Vanadate-dependent haloperoxidases (VHPOs) have been found in cyanobac-
teria and in Streptomyces bacteria and are directly involved in the utilization
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of halides in aquatic environments for catalyze the two-electron oxidative halo-
genation of organic substrates by halide X– and hydrogen peroxide as an oxi-
dant: [104–108]

X− + H2O2 + H+ −−→ X+ + H2O (1.2)

where X+ is a equilibrium mixture of HOX, X2 and X –
3

If an organic substrate RH capable of electrophilic aromatic substitution is
present, the same reaction conditions lead to the substrate halogenations:

X− + H2O2 + H+ + RH −−→ RX + H2O (1.3)

The common substrates for marine VHPOs are the halides I– , Br– and Cl–

present in seawater. Moreover other substrates such as cyanide, thiocyanate as
well as sulfides R2S are also oxidized:

CN− + H2O2 + H+ −−→ HOCN + H2O (1.4)

SCN− + RH + H2O2 + H+ −−→ SCN−R + 2 H2O (1.5)

RR′S + H2O2 + H+ −−→ RR′SO + H2O (1.6)

Despite the vanadate-based catalytic center is non-chiral itself, in the case of
prochiral sulfides (RR′S) as substrate, the oxidation occurs enantioselectively sug-
gesting other recognition factors of the active site as responsible of the selectivity.

The VHPOs, active site show the H2V
VO –

4 in a trigonal-bipyramid coordina-
tion geometry with the axial position occupied by a the εN nitrogen of an histidine
side chain and the additional stabilization through a hydrogen bond network
with the neighboring amino acid residues (Figure 1.4 b). [105,109] The catalytic
function of VV is due to its Lewis acidity and its capability to interconvert between
a trigonal-bipyramidal and tetragonal-pyramidal arrangement without changes in
the oxidation state. [100]

1.2.3 Vanadium in Medicine
The involvement of vanadium in numerous physiological processes and its

regulatory effects on the activity of various enzymatic systems suggests its appli-
cability as a therapeutic agent for treatment of various pathologies. Indeed, some
vanadium compounds exhibit interesting pharmacological properties. [88,110,111]
In particular, vanadate(V) and oxidovanadium(IV) derivatives show antidiabetic
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activity, [87, 112, 113] growth factor and osteogenic actions, [92, 114–116] anti-
tumor properties, [117,118] cardioprotective and neurological actions, [119–121]
antihypertensive, [122] hypocholesterolemic and anti-inflammatory effects. [88]

Insulin Enhancing Activity

The insulin enhancing activity of vanadium compounds is related to the
structural, total charge and volume similarity between phosphate and vanadate(V)
that make it indistinguishable in the molecular recognition process of phosphate
dependent enzymes. [110, 111, 123] In contrast to phosphate ion, for which the
pentavalent form is only a transition state achieved on binding to the active
site, vanadate(V) forms a stable penta-coordinated compounds, resulting in an
inhibition of the respective enzyme. [124–126] An example is the vanadate(V)
form of rat prostate acid phosphatase (Figure 1.5). [127]

Figure 1.5: Coordination environment of vanadium in the vanadate transition
state analog of rat acid phosphatase. Adapted from ref. [104]

The Insulin Receptor (IR), expressed in most of the cellular membrane, is
a tetrameric trans-membrane protein, being tyrosine kinases, with two α (IRα)
and two β (IRβ) subunits with the latter exposed to the cytosol. When insulin is
bound to IRα, the tyrosine residues of the intracellular IRβ become phosphorylated
triggering the phosphorylation of IR Substrates (IRS), an intracellular signaling
protein containing tyrosine residues. The activation of the IRS, in turn starts a
signalling cascade, involving the subsequent activation of protein kinases such as
phosphatidylinositol 3-kinase (PI3K), protein kinase B (PKB/Akt), and glycogen
synthase kinase-3 (GSK-3). [128,129] PKBs, which bind phosphate through Tyr or
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Ser residues, target the glucose transporter GLUT4 stimulating its trans-locations
on the cell surface resulting in the glucose intake. [104, 129] In the absence of
insulin or in the case of inadequate IR insulin response, the phosphorylation of
IRβ subunits and IRS tyrosine residues is counteracted by a protein tyrosine
phosphatase (PTP-1B).

On one hand, vanadate(V) and VIVO2+ strongly binds the cystein in the
active site of PTP-1B inhibiting its phosphatase actions, and for the other hand,
vanadate(V) also activate a cytosolic protein tyrosine kinase (cyt-PTK) also
related with the signaling path. [90, 130] The synergistic effect of inhibition of
phosphatases and activation of kinases lead to the the signal transduction cascade
for glucose uptake, (Figure 1.6).

Figure 1.6: Simplified mechanism of action of insulin enhancing vanadium com-
pounds. Adapted from ref. [100]

In addition to the inorganic salts, VIVO coordination compounds have been
successfully proposed for antidiabetic treatment. [126] The main advantage 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 control
liability for degradation and re-functionalization within the cell.

VIVO coordination compounds share the same mechanism of action of the
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bare VV inorganic salts, in fact in the bilogical environment, ligand exchange,
depending on its thermodynamic stability, and subsequent oxidation of VIV to
VV complexes can occur and the cellular uptake described above can takes place.
Alternative uptake mechanisms have been proposed involving the binary species
of transferrin (VIVO)hTf and (VVO2)hTf that can be transported to through
the cellular membrane via hTf receptor-mediated endocytosis. The hypothesis is
supported by a recent study demonstrating that VIVO2+ and some of its insulin-
enhancing compounds, in the bloodstream, can bind also to holo-hTf. Moreover,
VIVOL2 complexes and its oxidation products VVO2L

–
2 can penetrate the cell

membrane via passive diffusion and/or mediated by the formation of neutral ion
pairs (Figure 1.6). [90, 130,131]

The actual challenges are related to i) the development of potential anti-
diabetic pro-drug compounds providing, the active species VIVO2+, H2V

VO –
4 ,

and a free ligand with a sufficiently long physiological half-life to recombine with,
and thus re-solubilise, inorganic vanadium in the process of renal excretion, and
ii) deciphering the exact mode of action speciation of vanadium coordination
compounds in the presence of blood serum constituents.

A more profound knowledge of the in vivo speciation of vanadium compounds
should help to understand better the mechanisms of transport, targeting and the
mode of action, and thus support the design of potentially efficient vanadium-based
drugs. Potential candidates are bioavailable ligands containing the pyrone, the
pyridone or the pyridine-carboxylate moiety. A selection of vanadium compounds
with insulin-enhancing activity is shown in Figure 1.7. [90]
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Figure 1.7: Selection of vanadium compounds with insulin-enhancing activity:
1) H2VO

–
4 , 2) [VO(H2O)4(OH)]+, 3) pervanadate, 4) bis(peroxide)vanadium, 5)

bis(maltolato)oxidovanadium(IV) (BMOV) and 6) its ethyl analogue BEOV, 7)
bis(kojato)oxidovanadium(IV), 8) the pyridinone complex [VO(dhp)2], 9) allixi-
nato complex, 10) [VO(oxalato)2], 11) [VO(acetylacetonato)2], 12) [VO(N’,N’-
dimethylbiguanidato)2], 13) [VO(pyrrolidine-N-dithiocarbamato)2], 14) cis-
[VO(picolinato)2(H2O)], 15) [VO(6-metilpicolinato)2], 16) [VO2(dipicolinato)]−,
17) [VO(pyridin-N-oxide-2-thiolato)2], 18) [VO(cysteine-methylester)2] and 19)
[VO(N-octylcysteinamide)2]. Adapted from ref. [90]

Anti-cancer Activity

In recent years the anticancer properties of vanadium compounds have been
noticed and several mechanisms have been proposed to explain the inhibition
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of cell cycle or the induction of tumor cell death by vanadium derivatives. [132]
The main targets for the anti-tumor effects of vanadium are the disruption of
cellular metabolism through the generation of ROS (Reactive Oxygen Species
such as H2O2, O –

2 , 1O2, HO·), the alterations of cellular organelles such as
lysosomes, mitochondria, the spindle proteins such as actin and tubulin, some
signal transduction pathways, cyclins and caspases which in turn play a role in cell
cycle arrest and apoptosis. [88] Moreover, cell proliferation can also be disturbed
by genotoxic effects of vanadium exerted at the nuclei of the cells and on DNA
damage. [104] Important evidence supports the hypothesis that the antitumor
action of vanadium compounds is mediated by the inhibition of PTPases. [88] The
inhibition of phosphatase can occur by incorporation of vanadate into enzymes
that are otherwise activated by phosphate, or indirectly, that is, by the generation
of ROS. [118] ROS can deactivate phosphatases (which are over-expressed in
several cancer cell types) by oxidation of active site cysteine either directly or
via the intermittent formation of ROS. [104,133] Vanadium compounds can act
either as scavengers or generate ROS, depending on the condition, such as pH or
coordinated ligands which can cause changing of the redox potential of the complex.
It has been demonstrated that vanadate(V) is reduced to oxidovanadium(IV) by
glutathione (eq. 1.7) and other potential reducing agents like ascorbate, NADH
and FADH2. [104]

H2VO −
4 + GSH + 3 H+ → VO2+ + 1/2GSSG + 3 H2O (1.7)

VIVO +
2 thus generated can be involved in the production of ROS such as

HO· radicals. In equations 1.8-1.12, the reactions related to the mechanism of
action of VIVO and VV are reported. Equation 1.11 is a Fenton-like reaction,
while equation 1.11 reports the vanadate(V) mediated formation of singlet oxygen
from H2O2. [134] A complete overview of the anticancer activity of vanadium
compounds can be found in refs. [90, 134]

VIVO2+ + O2 + e− −−→ VVO(O2)+ hydrolisis−−−−−−→ VVO3+ + H2O2 (1.8)

VVO3+ + O ·−
2 −−→ VO2+ + O2 (1.9)

VVO3+ + O 2−
2 −−→ VO2+ + O ·−

2 (1.10)

VIVO2+ + H2O ·
2 −−→ VVO +

2 + H+ + HO· (1.11)

H2O2 + 1/2O2

[H2V O4]−−−−−−−−→ 1O2 + H2O (1.12)
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1.2.4 Speciation and Bloodstream Transport

Despite many vanadium complexes have shown to be highly active against
several diseases in vitro, the experimental conditions applied (e.g. the solven-
t/incubation medium, pH, etc.) may differ considerably from those existing in
the living systems. The presence of several endogenous bioligands that may
have high affinity for the metal, can partly or fully displace the original ligand(s)
during the i) absorption processes in the gastrointestinal tract (in the case of
complexes administered orally), ii) transport processes in the blood stream, and
iii) reactions with intracellular molecules. [110] The knowledge of the fate of
vanadium compounds in the body, the speciation, degradation, rearrangement
and the transmembrane transport are fundamental factors in order to understand
their mechanism of action. [135, 136] Moreover, a more detailed knowledge of the
bio-speciation and pharmacokinetics of prospective metallodrugs may promote
the design of more effective compounds in the future. [132]

In this context and regardless of their prospective therapeutic use, one of the
most important aspects to understand for metallodrugs is the form and efficiency
of transport of the metal ion or complex in the blood stream. The extent and
nature of the interaction with blood components has a profound effect on the
distribution of the drug in other compartments, and on its therapeutic as well
as toxic effects. The knowledge of all these aspects is fundamental for predicting
metal interactions with bioligands as well as in drug design and production of
new compounds. In the last thirty years, there has been substantial progress on
the comprehension of the speciation of vanadium coordination compounds in the
blood, especially concerning the well-known insulin-mimetic compounds.

When orally administered, VIVOL2 compounds are subjected to slightly alka-
line and oxidizing conditions in the oral cavity, strong acidic in the stomach (pH
2), and slightly alkaline in small intestine. [137] If the ligands are strong enough
to avoid oxidation to VV in the oral cavity, at lower pH of the stomach, its ligands
may be protonated leading to a partly ligand exchange with other exogenous and
endogenous molecules. The quiet distinct pH of the gastrointestinal tract, can in-
duce further modifications of the original pro-drug. So, the compounds must have
an adequate hydrophilic-lipophilic balance, be little toxic and sufficiently stable
to preserve its original form during the digestion up to reach the bloodstream.

The vanadium compounds present in the blood, depending on their nature
and concentration, results distributed between the serum and the erythrocytes,
only in +IV and +V oxidation state. The fact is explained with the presence of
reducing agents such as ascorbate, catecholamines and cysteines, together with
the binding of VIVO2+ by bioligands stabilizing the +IV oxidation state. [138]

Table 1.4 lists the relevant bioligands (bL) with their respective concentrations
in human plasma.

Among all the low molecular mass bioligands dissolved in serum, experimental
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Bioligand Concentration Bioligand Concentration

Albumin 639.4 M Histidine 77.0 M
Carbonate 24.9M Immunoglobulin G 101.0 M
Cysteine (Cys-Cys) 10.9 M Lactate 1.51 µM
Cysteine (Cys) 33.0 M Oxalate 9.20 M
Citrate 99.0 M Phosphate 1.10 µM
Glycine 2.30 µM Sulfate 330 M
Glutamate 60.0 M Transferrin 29.9 M
a Values taken from refs. [139,140]

Table 1.4: Concentrations of the most important bioligands of blood serum

evidence indicates that only lactate and citrate interact with VIVO2+ under
physiological conditions, the complexation being favored for the H-1lact

2– and
H-1citr

4– forms (The notation H-x indicates the dissosiation of groups that do
not deprotonate in absence of the metal). Therefore, a fundamental role in the
bio-speciation of V-drugs in the plasma is covered by proteins. [132,141]

The interaction of vanadium, in particular in +IV and +V oxidation states,
with proteins such as insulin, carboxypeptidase A, carbonic anhydrase B, ferritin,
collagen, D-Xylose isomerase, S-adenosylmethionine synthetase, pyruvate kinase,
calmodulin, phosphoglucomutase, glucose-6-phosphate dehydrogenase has been
reported in the literature. [142] Among the plasma proteins reported in Table 1.4,
human serum transferrin (hTf), human serum albumin (HSA) and immunoglobulin
G (IgG) seem to be involved in the transport of vanadium and its insulin enhancing
compounds. It has been demonstrated that VO2+ ion is principally transported
in the blood stream as (VO)2hTf and secondly as (VO)xHSA, with x = 5 − 6,
and (VO)xIgG with x = 3− 4. [142,143]

The bio-speciation of an insulin-enhancing compound VIVO(carrier)2 after
oral administration are represented in Figure 1.8.
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Figure 1.8: Possible biotransformation of a VO(carrier)2 compounds in the blood
serum. In brackets the concentration of the several species formed is indicated
with high, intermediate, low, and very low. a If the carrier is a synergistic anion.
b If the insulin-enhancing compound assumes the cis-octahedral geometry in
aqueous solution. [144]

The form in which the vanadium compounds reach the target organs depends
not only on the strength of their ligands but also on the geometry assumed by
the bis-chelated species in aqueous solution, usually square pyramidal or cis-
octahedral with a water molecule in the fourth equatorial position, and on the
concentration of VIVO(L)2, where L is the carrier ligand. The biospeciation in
the blood can be summarized as follows: [145,146]

i) If the ligand is weak, like 6-methylpicolinate, it cannot compete with the
protein for the VIVO2+ complexation. [141]

ii) If the carrier ligand has an intermediate strength, like picolinate (pic) or
acetylacetonate (acac), the percentage of vanadium bound to the serum
proteins is lower. Moreover, if the insulin-enhancing compound can assume
a cis-octahedral geometry, mixed complexes like cis−VO(L)2Protein can be
formed, in which an aminoacidc donor such as γ-OAsp/Glu or NHis replace
the water molecule in the fourth equatorial position.

iii) Finally, if the carrier is strong, like 1,2-dimethyl-3-hydroxy-4(1H )-pyridinone
(dhp), the amount of V(IV)O2+ ion bound to the protein, as well as the
mixed species VIVO(L)−Protein decrease significantly favoring the free
VIVO(L)2 form. [147] As the total concentration of VIVO(L)2 increases,
the relative amount of VIV transported as non-protein bound VIVO(L)2,
VIVO(L)2(Protein) or V

IVO(L)2−bL species increases.
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1.3 Computational Bioinorganic Chemistry
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. Experimental techniques like electrospray ionization
(ESI-MS), matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF-
MS), nano electrospray time-of-flight (nESI-Q-ToF-MS) mass spectrometry, are
able to accurately determine the metal ion-protein stoichiometry, [148] and in
several cases, tandem MS/MS using top-down or bottom-up approaches, can
suggest the amino acids involved in binding. [149–151] Spectroscopic techniques
as X-ray crystallography, [152] X-ray absorption near edge structure (XANES),
extended X-ray absorption fine structure (XAFS), nuclear magnetic resonance
(NMR), electron paramagnetic resonance (EPR), electron spin echo envelope
modulation (ESEEM), electron nuclear double resonance (ENDOR), circular
dichroism (CD) and UV-Vis can provide with three dimensional information of
the metal bound structure of a protein but is often inapplicable (e.g lability
of the drug-protein interaction under crystal conditions and electron beaming,
open shell systems etc..) or provide with only partial information on the binding
region. [151] Computational methods can represent a valuable complementary
approach to experiments and provide with three dimensional models. [23–26]
However, a complete simulation of the metal binding process should take into
account several variables: i) the wide conformational space to explore on the
protein scaffold to detect metal binding site(s) and ii) the intrinsic properties of
first coordination sphere of the metal during binding (e.g. the directionality of
metal-ligand interactions, possible changes in the number of ligands or geometry
distortion). The following paragraphs will provide a brief overview of compu-
tational techniques useful to address the main steps during the protein-(metal
moieties) recognition process and reactivity simulation. An introduction to the
theoretical principles behind the techniques can be found in the following chapter.

1.3.1 Molecular Mechanics Approaches
Molecular Mechanics (MM) based approaches are commonly on structural

studies of protein systems including metalloproteins. The technique defines the
system under analysis basing on classical physics. The potential energy of the
whole system is calculated as a function of the nuclear positions using a series of
empirical parameters defined in a general force fields. The common parameters
are available for well-defined functions for bonded and non-bonded interactions.
Among bonded interactions, bonds, angles and dihedral are typically described
on the most common force fields (such as AMBER, CHARMM, OPLS etc.) [153]
using harmonic functions. Non-bonded interactions, like electrostatic and van
der Waals (vdW), are generally modeled on the Coulombic framework using
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Lennard-Jones potentials. It can be highlighted that the accuracy and the general
applicability of the techniques are limited by the number and type of functions
that the specific force fields account with. A complete overview of the application
of Classical Mechanics to model metal ions can be found in ref. [154]. Despite
their high potentiality and relative low computational cost, most of the force
fields lack on appropriate parameterization for metal ions, implying a series of
limitations in bioinorganics. Several approaches have been developed with the aim
to overcome these limitations (Figure 1.9) including: i) representation of the metal
ion as simple 12-6 Lennard-Jones (LJ) interacting soft-sphere; [155] ii) bonded
models for which the bond between the metal and their ligands are forced during
the simulation; [156–159] iii) non-bonded models using dummy atoms. [160–165]

Figure 1.9: Different approaches to deal with metal ions in molecular mechanics
framework.

The Lennard-Jones sphere model, describing the ion as a soft-sphere with
integer charge, limits the metal interaction with its surrounding of simple vdW
or electrostatic interactions. It application was successful applied to main group
metals, but shows several limitations for transition metals, for which bond direc-
tionality, coordination geometry and metal-donor affinity are fundamental aspects.
Moreover, the 12-6 LJ potential neglects metal-induced dipole interaction. Li
and Mertz, recently proposed a 12-6-4 LJ-type non-bonded model to account for
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charge induced dipole interactions for divalent [166] and highly charged metal
ions (up to M4+). [167] The additional empirical C4 term was added to the stan-
dard 12-6 LJ potential and used to represent the ion-induced dipole interaction
(Figure 1.9). The developed parameter set is able to reproduce some experimental
parameters such as hydration free energy, ion-oxygen distances and coordination
number in explicit water solvent with higher accuracy respect the classical LJ
potential. Despite transferability on protein biomolecular systems is possible in
principle, [166,167] no specific parameter set accounting for the different donor
abilities of the amino acids has been developed so far. On the other hand, bonded
models using specific parameters for describing bonds between the metal and its
specific donors, give a good description of the coordination geometry, in fact bond
distances, angle, dihedral, electrostatic, and vdW terms are included in the force
field. However, its application is limited to a very few number of well-defined
systems and the parameter portability is often unavailable.[34] Metal center pa-
rameters, if not available, could be derived for the specific system with several
methods and tools such as FUERZA, [168] MCPB.py [169] or VFFDT [170] and
included in standard force fields. The limitation of using strictly a priori defined
bonds, results in models unable to account for coordination geometry interconver-
sion or ligand exchange, a fundamental aspect in metal-proteins interaction and or
in catalysis. [162] Among the several MM based techniques, Molecular Dynamics
(MD) must be mentioned as one of the most powerful tools for studying dynamic
processes of molecular systems. In particular, in a biomolecular context, MD
can account with slight or wide conformational changes even induced for metal
binding. The principles of the technique are discussed in details in section 3.4 of
the Theoretical Background.

1.3.2 Quantum Mechanics and Hybrid Approaches

In the recent years, quantum mechanics (QM) approaches, in particular those
based on Density Functional Theory (DFT), have been increasingly applied to
metalloenzymes and metalloproteins in general, becoming a fundamental tool
in bionorganic chemistry. The QM approach describes a molecular system at
electronic level. [171] DFT and QM methods, in general, allow computing the
structure, energy and fine molecular properties with great accuracy and are widely
used in inorganic and organometallic systems because of the complexity of the
metal properties, in particular of transition metal ions for which subtle electronic
effects (e.g spin state) must be considered. [172–177] Despite the increasing of
the computational power in the last years, QM methods are computationally
expensive and applicable only to a reduced number of atoms (about a maximum
of 200 atoms). Considering a metalloprotein or a metalloenzyme, this is reflected
in the possibility to treat a reduced part of the chemical space, typically the

G.Sciortino 27



Introduction

metal ion, its ligands and few amino acids. A wide used approach to deal
with metalloproteins from a QM perspective consists in cutting out the metal
containing region generating cluster models without considering the entire size of
the system. [178]

A valuable alternative is represented by the so called hybrid Quantum Me-
chanics/Molecular Mechanics (QM/MM) methods in which part of the system,
typically the metal ion, the donors of the first coordination sphere and the neigh-
bor amino acids side chains are treated under QM formalism and the rest of the
system at MM level (Figure 1.10). [179–181]

Figure 1.10: Different approaches to deal with metal ions in quantum mechanics
hybrid QM/MM frameworks

An important limitation of pure QM or hybrid methodologies described above
is that the conformational and chemical spaces that can be explored in a reasonably
amount of time are rather limited. To overcome these limitations, QM theory
level could be implemented in molecular dynamics via ab initio MD (AIMD). The
methodology, consists in calculating the forces of each configuration generated
along the trajectory using first principles. [182] Two different models are possible:
the Born-Oppenheimer (BOMD) and the Car-Parrinello (CPMD) frameworks. In
BOMD the forces are extracted optimizing the wavefunction at each step, while on
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CPMD the orbitals are treated as classical variables and propagated simultaneously
with the particles. [183] Dealing with transition metals, the most convenient and
wide used electronic structure method in AIMD simulations is DFT theory level.
The treatment of large systems is computationally time demanding, [184] and
the hybrid QM/MM/MD approximation is a valuable alternative. [185,186] The
approach, similarly to static QM/MM methodology, consists in partitioning the
system extracting on-the-fly the forces of the metal ion and its environment at
electronic level, while the rest of the protein and the eventual explicit solvent at
MM theory level. [155,179,187,188]

Recently, some efforts to implement mixed QM/MM scoring functions in
docking algorithms have been published, [189, 190] and in few cases applied to
metalloproteins. [191–193]

Spectroscopy Simulation

During the past decades, many computational methods have been developed
to predict the spectroscopic behavior of the chemical species and applied in the
context of structural characterization and catalysis. In particular, computation
can be used to support the spectroscopic data as well as in the context of structural
or reaction simulation to predict the spectroscopic response giving information on
the type of transitions expected, and on the role of metal and ligand. [23, 24, 176]

EPR spin Hamiltonian parameters can be computed for most of the transition
metal complexes with an odd number of electron and the calculations were
based mainly on the DFT methods. [23,194,195] The Fermi contact (AFC), the
anisotropic hyperfine interaction (AD), and the second-order spin-orbit (SO)
coupling (ASO) can be calculated with several packages, for example ORCA. [196]
Concerning the prediction of g tensor, several approaches are possible even if
DFT techniques are the most used, due to the low computational cost, the wide
choice of functionals and the possibility to include the SO effect in the calculation
of g. [194,195]

UV-vis or electronic absorption spectroscopy is probably the simplest in-
strumental method to study the electronic transitions of organic and inorganic
compounds. For a metal complex, the energy of the transitions could be related
to the oxidation states, geometry and electronic structure of a chemical species as
well the type of transition, i.e. d− d absorptions, metal to ligand charge transfers
(MLCT), ligand to metal charge transfers (LMCT), and ligand to ligand charge
transfers (LLCT). Time-Dependent density functional theory (TD-DFT) [197,198]
is the most used method to calculate the structure and electronic transitions
of metal complexes and such methods describes a given transition as a linear
combination of vertical excitations from occupied to virtual molecular orbitals.
Consequently, only the dominant character of each transition can be specified.
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TD-DFT also provides the electric dipole oscillator strength (f) of the transition
from the ground to the excited state related to the transition moment and to the
value of ε. Although some exceptions have been recently published, up to now only
a qualitative agreement between an experimental and calculated spectrum is possi-
ble. [199] However, the results can be useful to characterize the the transitions and
to describe the electronic structure of a metal complex. The vertical excitations
can be obtained within the Linear Response Non-Equilibrium (LRNE), [200] the
Linear Response Equilibrium (LRE), [201] the State Specific Non-Equilibrium
(SSNE) [202] and State Specific Equilibrium (SSE) [202] frameworks (using a
specific combination of functional and basis set).

Vibrational spectroscopy includes several different techniques, among which
infrared (IR) and Raman spectroscopy. Both IR and Raman provide information
on the vibrations useful for the elucidation of the molecular structure. They
are complementary techniques and permit to completely measure the vibrational
modes of a molecule. In fact, even if some vibrations may be active in both
Raman and IR, these two types of spectroscopy involve different processes and
have different selection rules. [203] The software available can calculate the
vibrations of the molecules both in the ground and excited states and are able
to predict the wavenumber and the intensity of the transitions. The molecular
frequencies can be calculated from the second derivative of the energy with respect
to the nuclear positions and this is possible for Hartree Fock (HF), post HF and
DFT methods. [204]

1.3.3 Molecular Docking

Protein-ligand docking methods were designed for fast and accurate predic-
tion of the binding sites and modes of small organic molecules to proteins and
could offer a valuable alternative to MM or MD methodologies. Despite their
high performances in terms of computational time and wide system exploration,
the method considers the macromolecule as a rigid entity neglecting potential
conformational changes in solution or induced for metal binding. The binding
energy calculation is based on simplified MM force fields (Scoring Functions, SF)
that take into account non-bonded interactions between the ligand (in docking
terminology the small molecule) and the protein host. The docking problem is
limited to find, generally with a Genetic (GA) or a Montecarlo (MC) algorithm, a
series of protein-ligand relative positions (poses), evaluate the energy of each pose
throughout the SF and order them in score ranking. Several high quality reviews
about Scoring Functions and their performances have been published in the recent
years. [205,206] A SF is generally built as a sum of terms representing differrent
interaction type: hydrogen bond (Hbond), electrostatic (elec) or van der Waals
(vdW); this latter could be multiplied by an empirical parameter to fine tune its

30 G.Sciortino



1.3. Computational Bioinorganic Chemistry

relative weight. Additionally terms may also incorporated such as desolvation (de-
solv), interatomic contacts (clashes), ligand torsions (tors), intermolecular ligand
interactions or relative to restraints defined (i.e. covalent bonds, coordination
interactions etc.). Unfortunately, commercial docking suites are mainly focused on
organic species [207–209] and deal with the coordination bond formation between
the metal ion and a donor of an amino acid side chain [111,210–214] is still an
open question in computational bioinorganics. Recent advances in the field will
be object of this Thesis work and discussed in detail in the following chapters.

Pattern Recognition Analysis

Pattern recognition algorithms for metal ions binding site could be a valuable
alternative to protein-ligand docking methods. Their predictions are generally
based on two main approaches: pure sequence or structural analogies between
the query apo-protein and well characterized holo-metalloproteins. [215] Neural
networks have been also recently introduced for metal ions bindig site prediction,
but significant results are still far from being achieved. [216–221]

The most of the available algorithms are limited to selected metals and a
reduced set of amino acids are considered as potential donors. Only few methods
are devoted to individuate metal binding site without recurring to a template
based approach. The recent IonCom server, [222] for example, combines ab initio
training and template-based algorithms. It focuses on binding site prediction of
Zn2+, Cu2+, Fe2+, Fe3+, Ca2+, Mg2+, Mn2+, Na+, K+. The multisite.py [223]
extension for UCSF Chimera [224] is an automated, structure-based algorithm to
locate potential metal binding sites by probing the protein 3D space for regions
(blobs, pockets, areas) where two, three or more donor-containing residues featured
a β-carbon within a distance threshold of r. The script needs a pdb or mol2
structure as target, a list of donor-containing amino acids and the value for the r
threshold. As output, the regions that match with the given criteria are reported
as a list of residues and visualized in the protein structure. The assumption
on which most of these methods are based is that well characterized metal ions
binding sites, defined as specific sequence of amino acids or as 3D regions with
defined donors relative positions, could be used to infer the binding residues of a
general target protein or peptide. This presents several limitations in prediction
capabilities for metals, or specific oxidation states and/or coordination geometries
for which scarce templates are available or in the case of metal induced folding.

1.3.4 Multilevel or Integrated Approaches
The metal compound binding site prediction and reactivity can be treated with

multiscale strategies combining different level of theory at different stage of the
molecular modeling process. Depending on the modeling stage, the accuracy in
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energy calculation or the combinational and conformational space to explore could
differ. Based on the same concept proposed by Warshel, Karplus and Levitt (Nobel
Prize in Chemistry in 2013), multiscale (also known as multilevel, integrative or
hierarchical) strategies open major opportunities. Fast and relative inexpensive
pattern recognition or docking protocols can be combined with accurate but more
time demanding QM or MD techniques (Figure 1.11).

Figure 1.11: The three main families of molecular modeling methods applied in
the bioinorganic field. Adapted from ref. [80]

For one side, dockings can be used for a massive exploration of the wide ion-
protein relative conformational space. The major drawbacks are: i) the inability
to account for slow molecular events like long range motions of the protein scaffold
resulting in the loss of information about conformation arrangement upon metal
binding; ii) the precision limits of the relative simple scoring function, and iii)
the missing of electronic effects. For the other side, MD simulations can account
for complete protein flexibility including metal induced fitting of the binding
region. Moreover, the explicit solvent effect can be also considered. Finally,
QM approaches reach high accuracy and deal with fine electronic phenomena
related with first coordination sphere (ligand exchange, spin related or redox
processes) and reaction mechanism analysis in the case of metalloenzymes. The
combination of the techniques in hierarchical or integrate protocols - where docking
gives preliminary information about potential binding sites, MD simulations are
employed to explore natural or metal induced conformational changes of the protein
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receptor and subsequently QM or QM/MM to optimize, refine the structures of
the final adducts, and calculate energies and molecular or spectroscopic properties
- results in an interesting and rising approach in molecular modeling landscape. Up
to now, full or automated combinations of these levels of theory are still scarce. [225]
Interesting examples could be found on metalloenzymes design. [210,226–232] In
a recent work by Mujika and co-workers, through the combination of a recognition
algorithm, QM cluster models, MD and QM/MM approaches have been successful
applied to identify a series of plausible Al3+-Aβ-peptide models for the aluminum
interaction with β-amyloid aggregations involved in Alzheimer’s disease. [233]
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Chapter 2
Objectives

The prediction of the interaction of coordination compounds with proteins is
of fundamental importance in many fields like bioinorganic chemistry, biology,
pharmacy, medicine and enzyme design. From an experimental perspective, X-ray
and NMR methods can provide an accurate description of the system although
their application is far from trivial. Other spectroscopic methods, such as EPR,
CD and UV-Vis can give insight on the protein region where the metallic species
is bound or on the type of amino acid involved in the interaction. However, these
instrumental approaches are not able to provide with a complete 3 dimensional
description of the systems. Either to predict possible metal mediated binding or
enrich partial experimental data, computational methods can represent a valuable
approach.

This Ph.D. has been focused on two main objectives. The first one was the
validation of an efficient computational strategy to support metallodrug and
metalloenzyme design. The central problem was the prediction of the binding
site of coordination compounds (a metallodrug itself or a catalytic cofactor) to
its biomolecular target. The second one was the integration of instrumental
and computational techniques in a hybrid framework to guide for metal binding
prediction and model generation.

The specific objectives were: i) the generation and validation of efficient
approaches for predicting the binding of coordination compounds with proteins;
ii) the integration of spectroscopic and spectrometric data with the in silico
results and iii) the application of these methodologies to study the speciation
and transport of oxidovanadium potential drugs as well as to improve and design
artificial metalloenzymes.





Chapter 3
Theoretical Background

The aim of this chapter is to give a general overview of the computational
methods and spectroscopic techniques used along his Ph.D. thesis. For each of
them a brief theoretical introduction will be given focusing on first principles.
Without the presumption to do an exhaustive description of the methods, that can
be found in excellent books and reviews, the intention is to provide a comprehensive
view of the their key concepts and approximations useful to understand their
potentiality and limitations. Purely technical details for the specific calculations
and experimental measurements carried out in this thesis will be fully given in
the chapters dedicated to the investigation results.

3.1 Quantum Mechanics

3.1.1 Principles

The first principle on which Quantum Mechanics (QM) is based is the pos-
tulate stating that the state of a given system can be completely described by a
wavefunction Ψ(r1, r2, ...rN , t) dependent on the spatial position of the particles
(r1, r2, ...rN ) and the time (t). The wavefunction contains all the information
regarding the specific state observable. In its simplest form, the Ψ can be time-
independent and contain all of the information of a given stationary state. A
specific Ψ for a microscopic particle is obtained solving the Schrödinger equation, a
partial differential equation that was obtained combining the classical description
of a wave with the Planck (1900) and Einstein considerations (1905) and the de
Broglie wave-particle duality (1924). [1, 2]

Solving the classical wave relation 3.1 using the separation variables with
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u(x, t) = Ψ(x)cosωt, considering the angular velocity ω = 2πf and the phase
velocity of a wave, v = λf , the equation 3.2 is obtained:

∂2u

∂x2
=

1

v2

∂2u

∂t2
(3.1)

∂2Ψ(x)

∂x2
+

4π

λ2
Ψ(x) = 0 (3.2)

Taking advantage of the Plank-Einstein (E = hν) and the de Broglie (λ =
h/mv) relations, using the general expression of the total energy of a system
[Etot = p2/2m + V (x)], λ can be written as λ = h/{2m[E−V (x)]}2 and finally the
Schrödinger equation 3.3 can be obtained:

− ~2

2m

∂2Ψ(x)

∂x2
+ V (x)Ψ(x) = EΨ(x) (3.3)

The equation 3.3 can be formulated as a general eigenvalue problem resulting:

ĤΨ(r) = EΨ(r) (3.4)

Following the same method, considering a traveling wave, the time-dependent
Schrödinger equation 3.5 can be derived:

ĤΨ(r, t) = i~
∂Ψ(r, t)

∂t
(3.5)

The Schrödinger equation itself, in the Copenhagen interpretation, represents
a probability amplitude, while its modulus | Ψ |2 is related to the probability that
a particle can be found in a specific region of the space at some instant of time.
For this reason an acceptable wavefunction-solution should be square integrable.
Solving the equation for Ψ can be used to predict how the particles will behave
under the influence of an external potential and with each other. Unfortunately,
the Schrödinger equation can be exactly solved for limited cases, in particular for
mono-electronic systems. While considering complex potentials or many particles
interacting each other, only approximated solutions are possible.

The initial simplification of many bodies problem, used in the time-independent
framework, is the Born-Oppenheimer approximation for which the nuclei, having
a much higher mass respect to the electrons can be considered as static entities
approximating the Schrödinger equation as only function of the electrons. The
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Hamiltonian results simplified neglecting the kinetic energy of the nuclei and
considering the internuclear distances as a constant parameter (R) in the specific
calculation: [1, 2]

HΨ(r;R) = ERΨ(r;R) (3.6)

The parameter could be varied in further calculations determining the potential
energy surface (PES) as a function of the nuclear positions. This is a key concept
in Quantum Mechanics based studies of reactivity.

Another important simplification used to deal with many electrons systems
is the orbital approximation, for which the Ψ(r1, r2, ...rN) is considered as
a linear combination of independent wavefunctions describing the electrons
Ψ(r1, r2, ...rN ) = Ψ(r1)Ψ(r2)...Ψ(rN ). The single wavefunctions are approxi-
mated as hydrogen-like functions (orbitals) influenced for a effective nuclear
charge (Zeff ) determined by the presence of the other electrons. The atomic
orbitals used in this expansion constitute the basis set for the calculation.

In a many body electrons problem, the solution is further complicated by the
additional inter-electronic potential energy.

3.1.2 Approximation Methods

As previously stated, the Schrödinger equation can not be solved exactly for
many electron systems due to the electron-electron mutual interactions that prevent
a solution of the n interacting electrons as a sum of n singly electrons wavefunctions.
Thus, approximation methods must be used to solve the Schrödinger equation to
almost any desired accuracy. In the following paragraphs the most widely used
approximations, the variational principle and the perturbation theory will be
briefly presented.

Perturbation Theory

The perturbation theory is built on the consideration that an approximate
Hamiltonian H(0) for a given system differs form the real one H by a contribution
H(1) defined as perturbation. Its application is possible starting from a known
simple Hamiltonian and generate most adequate approximate solution for more
complicated systems. Considering a generic system the perturbed Hamiltonian,
with λ representing a dimensionless parameter that range continuously from 0
(no perturbation) to 1 (full perturbation), results:

H = H(0) + λH(1) (3.7)
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Expanding the H and Ψ as a Taylor series it possible to write the Schrödinger
equation as follows:

(H(0) + λH(1))(Ψ0(r) + λΨ1(r) + λ2Ψ2(r) + ...) =

= (E0(r) + λ E1(r) + λ2E2(r) + ...)(Ψ0(r) + λΨ1(r) + λ2Ψ2(r) + ...)
(3.8)

Equation 3.8 can be solved for such order of λ, λL. The general problem could
be written as:

(Ĥ(0) − E0)ΨL + (Ĥ(1) − E1)ΨL−1 −
L∑

K=2

EKΨL−K = 0 (3.9)

The scalar product of equation 3.9 with ΨL−1 gives the correction λL to the
unperturbed energy: EL = 〈Ψ0|Ĥ|ΨL−1〉. [1, 2]

Variational Principle

Considering Ψ0 and E0 representing the exact wavefunction solution and
the ground state energy of a given system, the variational principle ensures
that substituting Ψ0 with an alternative trial set of orthonormal wavefunctions,
φ, Eφ > E0. Using a parametrized and combined trial wavefunction, φ =∑N
j=1 cjϕj(α, β, γ), the total energy will be dependent on these parameters and

the best ground state for φ can be obtained by fine tuning the cj coefficients and
α, β and γ parameters. [1, 2]

Eφ − E0 =
〈φ|Ĥ|φ〉
〈φ|φ〉

− 〈ψ0|Ĥ|ψ0〉
〈ψ0|ψ0〉

=
〈φ|Ĥ − E0|φ〉
〈φ|φ〉

> 0 (3.10)

3.1.3 Hartree-Fock Method
The first Hartee equation and the subsequent Fock modification accounting

for spin symmetry, are based on the orbital approximation and, as many ab initio
methods, on the iterative Self Consistent Field approach (SCF) to find the best
approximate wavefunction for a given system. As commented above, the crucial
problem in a many electron system is the electron-electron interaction potential
represented in the second sum of the Hamiltanian H0 =

∑n
i=1 hi + 1

2

∑′

i,j
e2

4πε0ri,j
,

where hi is a hydrogen-like Hamiltonian for the electron i in the field of a
nucleus with of charge Zeff . The factor of 1/2 is to prevent double interactions
counting and the prime on the summation excludes terms for which i = j as
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electrons do not interact with themselves. The n-electron wavefunction can be
separated in orbitals Ψ0

a(ri;R) parametrically dependents on the nuclei position
and representing a solution of hiΨ0

a(ri;R) = E0
aΨ0

a(ri;R). The Pauli’s principle
and the spin requirements are satisfied introducing spinorbitals obtained as a
product of Ψ0

a(ri;R) and a spin function, Φa(x1;R) where xi contain the spatial
and spin state informations. The complete wavefunction is then written as the
Slater determinant: [1, 2]

Ψ0(x;R) =
1√
n!

∣∣∣∣∣∣∣∣∣
φa(1) φb(1) · · · φz(1)
φa(2) φb(2) · · · φz(2)

...
...

. . .
...

φa(n) φb(n) · · · φz(n)

∣∣∣∣∣∣∣∣∣ (3.11)

In the Hartree-Fock method (HF) the spin orbitals, giving the best n-electron
wavefunction, are built applying the variational principle minimizing the electronic
energy ε for a specific nuclear configuration. The single orbital HF equation are
obtained applying the Fock operator:

fiφa(i) = εaφa(i)

where fi = hi +
∑
u

Ju(i)−Ku(i) (3.12)

The Coulomb Ju and the exchange Ku operators take into account the Coulom-
bic repulsion between electrons and the spin correlation, respectively:

Ju(i)φa(i) =

{∫
φ∗u(i+ 1)(

e2

4πφ0ri,j
)φu(i+ 1)dxi+1

}
φa(i) (3.13)

Ku(i)φa(i) =

{∫
φ∗u(i+ 1)(

e2

4πφ0ri,j
)φu(i+ 1)dxi+1

}
φu(i) (3.14)

The HF equations are computed by the iterative SCF scheme: i) a trial set of
spinorbitals are generated and used to formulate the Fock operator; ii) the HF
equations are solved obtaining a new set of spinorbitals used to construct a new
Fock operator, and so on until achieve a previous defined criterion of convergence.

The actual way to proceed is based on the linear expansion of the unknown
φi over a standard basis function set. In this way the incognits result the simple
numerical coefficients reducing the problem on a algebric system of equations.
The basis-set choice is of fundamental importance in terms of good balance of
accuracy and computational time. For a general molecular system a minimum
basis-set describing at least one function is used to represent each occupied orbital
of the atoms constituting the system.
The most used functions to describe each orbital are: [1, 2]
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Slater-type orbitals (STO) with the general following form:

uα,n,l,ml
(r, θ, φ) =

1√
(2n)!

(2α)
n+1/2rn−1e−αrYlml

(θ, φ) (3.15)

where α is an empirical parameter and is not necessarily equal to Z/n as in the
hydrogen-like orbitals. For polyatomic species, STOs are centered on each of the
atoms. For Hartree-Fock SCF calculations the evaluation of the three and four
centric integrals results computationally infeasible. Moreover, for different values
of n and same values of l and ml the STOs are not orthogonal to one another.
Another deficiency of STOs is that ns-orbitals with n > 1 have zero amplitude at
the nucleus.

Gaussian-type orbitals (GTO) with the general following form:

gα,n,l,ml
(r, θ, φ) = Nrn−1e−αr

2

Ylml
(θ, φ) (3.16)

where N is a normalization constant.

The main advantage of GTOs is that the product of two gaussians at different
centers is equivalent to a single Gaussian function centered at a point between the
two centers reducing the three- and four-centers integration to a simple two centers
problem analytically evaluable. However, the GTOs give a poor representation
at small values of r (at the atomic nuclei) and a large basis must be used to
achieve an accuracy comparable to STOs. A general procedure, to overcome this
limitation is the linear combination of n primitive Gaussian functions to fit a
Slater type orbital in the so called STO-nG basis-set:

Ψi =

M∑
k=1

Ckiφk (3.17)

with φk represent the primitive gaussian function, M the number of functions per
orbital and Cki are numerical parameters.

The main problem of using a minimal basis-set is due to fixed values of the
orbital exponents α of the φks, giving orbitals too rigids and unable to contract
or expand in different molecular environments. Using a linear combination of
orbitals of the same type (retaining the symmetry) but different exponents ξ, the
problem can be overcome.

Ψnlml
= φnlml

(r, ξ1) + dφnlml
(r, ξ2) (3.18)
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where d is a parameter to be determined in the HF procedure.

Using this approach the size of the resulting atomic orbital Ψnlml
can range

between that specified by φnlml
(r, ξ1) and φnlml

(r, ξ2) by varying the d factor. In
general, only the valence electrons are described with double-ξ basis-set in the
so called split-valence N −MPG basis-set, with N number of gaussian functions
used to describe the core electrons andM and P number of gaussian functions (G)
used for describe the more compact and the more extended orbitals φnlml

(r, ξi),
respectively (e.g. 6-311g). To the minimal basis-set, orbitals of a higher quantum
number of angular-momentum l, can be added accounting for polarization effects
of neighbors atoms e.g in the case of hydrogen bonds (e.g. 6-311g(d,p)). In
addition, further diffuse function (small value of ξ) can complete the basis-set
(e.g. 6-311g+(d,p)); the use of diffuse functions is particularly useful dealing with
electrons far from the nucleus, e.g. as lone-pair electrons or electrons in anions.

Finally for heavy elements, in particular for metals, the core electrons could
not be explicitly treated as an effective core potential function (ECP or pseudo
potential) to reduce basis-set size. A general ECP have the general functional
form: [3]

UECP (r) =
∑
i

air
nie−αir

2

(3.19)

where the parameters ai, ni and α are obtained reproducing the valence HF energy
level and the orbital shape.

In addition, scalar-relativistic effects may be included in effective potentials. [4]

3.1.4 Density functional Theory
Density Functional (DFT), in contrast with HF methods, considers the system

energy as a function of the electronic density ρel(r) avoiding the exact resolution
of the Schrödinger equation. [5] The ρel(r) function is correlated to the electronic
wavefunction Ψel as follows: [6]

ρel = ρel(r) =

∫
|Ψel(r, r2, · · · rN )|2drdr2 · · · drN (3.20)

The relation is guaranteed by the Hohemberg-Kohn theorems: [7]

1. The system energy can be expressed as a functional of the electronic density

E = E[ρel] where ρel = ρel(r) (3.21)
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2. Defined a given trial density, ρ̃el, in analogy with the variational theorem,
the obtained energy will be in any case higher or equal to the exact energy

Eo = E[ρ̃el] ≥ E (3.22)

The E[ρel] functional, can be further decomposed applying the Born-Oppenheimer
approximation and results:

E[ρel] = T [ρel]el + V [ρel]nu−el − V [ρel]el−el (3.23)

The nucleus-electron potential energy (V [ρel]nu−el) can be exactly computed
through the Coulomb relation:

V [ρel]el−el =
∑
k

∫
Zk

|r − rk|
ρeldr (3.24)

The electron kinetic energy T [ρel]el, depending also on the mutual electronic
interactions, presents a higher complexity and can be exactly solved only on the
free electrons approximation:

Tni =
∑
i

∫
1

2
52 ρidr (3.25)

The repulsion electron-electron potential energy (−V [ρel]el−el), in addition to
the Coulomb potential, must take into account the non-classic correlation and
exchange effects and for this reason can not be exactly solved:

V [ρel]el−el = V [ρel]coulomb + V [ρel]exc + V [ρel]corr (3.26)

The central problem of the DFT approach results in building effective expres-
sions for the termini T [ρel], V [ρel]corr e V [ρel]exc. [8] The wide used DFT methods
are based on the decomposition of the electronic energy functional 3.23 in a series
of universal functionals, for which the exact form is known, and in additional ones
specific of the method which include correlation and exchange functionals that
also integrate the inter-electronic contribution to the kinetic energy (∆Tel[ρel]):

E[ρel] = {Tni[ρel] + V [ρel]nu−el − V [ρel]coulomb}+ {V [ρel]corr + V [ρel]exc}(3.27)

The common functional approximation methods are: LDA, GGA, MGGA and
hybrid functionals.
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LDA approximation (local density approximation): the Vcorr and Vexc values
in a well defined point rk are only dependent of the the specific ρkel value in that
point:

Vcorr = Vcorr[ρ
k
el] Vexc = Vexc[ρ

k
el] (3.28)

The well know Slater functional (S), bases the Vexc calculation on this principle:

S = Vexc = −9

4
α
( 3

4π

)1/3
∫

(ραel)
4/3 + (ρβel)

4/3dr (3.29)

where α is an empirical parameter specifically optimized for the functional
accuracy. The presence of empirical parameters is a characteristic common to
most of the DFT functionals.

GGA approximation (generalized gradient approximation): Vcorr and Vexc as
well as dependent on ρkel, are also dependent on the electronic density gradient:

Vcorr = Vcorr[ρ
k
el,

∂ρel
∂r |r=rk ] Vexc = Vexc[ρ

k
el,

∂ρel
∂r |r=rk ] (3.30)

Some example of GGA functionals considering the Vexc are the Becke’s (B) and
the Perdew’s and Wang’s (PW) functionals, while for Vcorr the P86, PW91 and
LYP. The method is defined by the combination of these functionals of exchange
and correlation e.g. BLYP, BPW91, etc...

MGGA Approximation (meta-generalized gradient approximation): repre-
sents an extension of the GGA approximation introducing a further dependency
of Vcorr and Vexc by the second derivative of the electronic density:

Vcorr = Vcorr[ρ
k
el,

∂ρel
∂r |r=rk ,

∂2ρel
∂r |r=rk ]

Vexc = Vexc[ρ
k
el,

∂ρel
∂r2 |r=rk ,

∂2ρel
∂r2 |r=rk ]

(3.31)

Hybrid Functionals: Compute the exchange and correlation contributions
using in a weighted manner throughout empirical parameters combining the ex-
pressions derived by LDA, GGA and MGGA with HF methods. The most common
hybrid functionals, among others, are B3LYP, B3PW91, mPW91, and PBE1PBE
(PBE0). The parameters that define the contribute of each terminus are calibrated
in an empirical scheme evaluating the functional performance against a reference
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dataset. As an example, in the B3LYP functional the energy term of exchange
V B3LY P
exc is constituted by the 20% V HFexc (exchange Hartree-Fock), by the 8% V S

exc

(exchange Slater LDA) and by 72% V Bexc (Becke GGA exchange). The correlation
part, V B3LY P

exc results 19% VWVN
exc (WVN LDA correlation) and the 81% V LY Pexc

(LYP GGA correlation).

The DFT electronic energy, E(ρel), minimization process is based on a self
consistence field process (SCF) obtained generating, as a function of the method
under consideration, mono-electronic operators, named Kohn-Sham operators
(K̂i) dependent on the electronic density:

K̂i(ρel)Ψi = εiΨi where εi = Eorbitalic (3.32)

In analogy with the ab-initio methods, such as HF, the SCF process allows to
optimize the Ψi, obtained as a linear sum of basis functions (Ψi = akΦk), tuning
the ak parameters up to reach the self consistence. It can be noted that, in most
of the cases, the basis functions used to build the Ψi are the same of the ab-initio
methods.

3.1.5 Solvent Effects
For systems in solution, the medium can be in principle treated describing

explicitly the molecules of the solvent or in a implicit way considering the solvent
as a continuum model. The addition of explicit solvent molecules sensibly increases
the computational cost of the simulation and for this reason the explicit treatment
results useful for small systems. Moreover, the number of molecules to be added
during the simulation to obtain a good description of the solvent effect still an
open question. The continuum model results a good balance between accuracy
and computational time. Among these models, one of the most used is the Self-
Consistent Reaction Field (SCRF) [9,10] that treats the solute-solvent interaction
as a classical electrostatic problem. The solvent is described as a polarizable
continuum medium with a given dielectric constant ε and the solute is placed in a
proper cavity defined using the vdW radii of the atoms. The charge distribution
of the solute induces a polarization at the cavity interface that acts back on it
wavefunction producing an electrostatic stabilization in an iteratively process until
the mutual polarization achieves the self-consistency. The complete Hamiltonian
of the system results the sum of the solute Hamiltonian in vacuo Ĥsolute and a
solute-solvent interaction perturbation V int dependent on a solvent polarization
response function Q:

Ĥtot = Ĥsolute + V̂int(Q) (3.33)
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The free energy of solvation is computed as a sum of electrostatic, dispersion
and repulsion Solute-Solvent interaction and a cavitation term accounting for the
energy required to form the cavity in the continuum medium:

∆Gsol = ∆Gelec + ∆Gdisp + ∆Grep + ∆Gcav (3.34)

3.1.6 Dispersion Effects
Dispersion interactions, or London forces, are defined as instantaneous dipoles

an higher order multipole interactions dominating at regions with scarce electron
density probability. At DFT theory level, dispersion is a long-range correlation
phenomena difficult to account for. From a practical point of view different
empirical model have been proposed to overcome its explicit evaluation such
as Grimme’s Dn correction to dispersion through the addition of the C6/R6 −
C8/R8 − C10/R10... series of terms to the nuclear energy expression. [11, 12] The
dispersion empirically derived coefficients are summed over interatomic distances,
Rij , modulated by a damping function, fdamp(Rij), that gradually activates the
correction (at a rate characterized by α6) over a vdW distance, R0,ij , the scaling
S6 term being optimized to each Exchange functional: [11, 12]

ED2
disp = −S6

N∑
i,j>i

fdamp(Rij)
C6ij

R6
ij

fdamp(Rij) =
1

1 + eα6(Rij/R0,ij−1)

(3.35)

ED3
disp = −

∑
n=6,8

Sn

N∑
i,j>i

Cijn
(Rij)n

fdamp(Rij)

fdamp(Rij) =
1

1 + 6(Rij/Sr,nR0,ij)−αn

(3.36)

Sr,6 and S8 are the custom non-unity parameters fitted for individual functionals.
Dispersion effects can also be included in the functional as in the case of the
Minnesota functionals that have been parameterized to account for dispersion.

3.2 Molecular Mechanics
Molecular Mechanics (MM) defines the system under analysis basing on the

laws of classical physics. For a given molecular system, the potential energy
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is calculated as a function of the nuclear positions using a series of empirical
parameters defined in a general force fields. The common parameters are available
for well-defined functions for bonded and non-bonded interactions. The technique
is fast and useful to predict equilibrium geometries, relative energy between
different conformers or molecules. [13] Molecular mechanics can be used to compute
the potential energy for large molecules or large ensembles of different conformation
such as in Molecular Dynamics simulations. However, the technique presents some
limitations in terms of bond-breaking and bond-making processes and dealing
with metals is rather complicated by the scarce amount of parameters in the
available force fields. [14]

MM computes the total energy of the system as a sum of the specific energy
contributions of bond stretching, angle bending and dihedral torsion plus the
potential energy terms due to non-bonded interactions such as van der Waals
(vdW ), electrostatics, hydrogen bonds:

Etot = Estr + Ebend + Etors + EHbond + EvdW + Eelec + Ecross (3.37)

The bonded interaction are generally represented in the most common force
fields (such as UFF, MM2, MM3, AMBER, CHARMM, OPLS etc. . . ) [15–22] as
Taylor series expansion about the equilibrium position, and specifically described
using harmonic functions:

E(rij) =
∑
bonds

kr,ij (rij − re,ij) +
∑
angles

kθ,ijh (θij − θij,eq)

+
∑

torsions

∑
n

1

2
Vn,ijhk [1 + cos(nω − λ)]

(3.38)

where rij,eq and θij,eq are the bond and angle equilibrium values, V , n and λ the
rotation barrier, the periodicity and the phase factor, respectively.

A valuable and more accurate description of the stretching phenomenon is
given by the morse-potential (eq. 3.39):

Estr(r − req) = D
[
1− ek/2D(r−req)

]2
(3.39)

where D is the dissociation energy and k the force constant.
In addition cross terms, accounting for some interactions affecting others, e.g. a
bent that implies a bond stretching or stretch-stretch, bend-bend, strestch-torsion,
etc... could be implemented in the force field.
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Non-bonded interactions, like vdW and Hbond, are generally modeled using
Lennard-Jones (E(rij)

LJ ), hard-sphere (E(r)HS(r)), square-well (E(r)SW (r)) or
soft-sphere (E(r)SS(r)) potentials:

E(rij)
LJ = εij

[(
re,ij
rij

)12

− 2

(
re,ij
rij

)6
]

(3.40)

E(r)HS(r) =

{
∞ (r < σ)

0 (σ 6 r)
E(r)SW (r) =


∞ (r < σ1)

−ε (σ1 6 r < σ2)

0 (σ2 6 r)

(3.41)

E(r)SS(r) = ε
(σ
r

)2

(3.42)

Electrostatic interactions are generally treated with the classical Coulomb
potential:

E(rij) =
∑
i,j 6=i

qiqj
4πε0rij

(3.43)

To obtain the atomic charges that are not physical observables, a general
procedure such as the Restrained Electrostatic Potential (RESP) consist in fitting
the qi to reproduce the QM electrostatic potential computed at a large number of
grid point around the molecule:

ΦESP (r) =

nuc∑
i

Zi
|Ri − r|

−
∫

Ψ∗(r′)Ψ(r′)

|r′ − r|
dr′ (3.44)

This approach has the virtue that such charges reproduce the quantum me-
chanically determined multipole moments and also the intermolecular interactions
with surrounding molecules and is the common procedure used for AMBER force
field.

An alternative procedure is represented by the polarizable force fields such as
the Fluctuating Charge Model.

It must be highlighted that the accuracy and the general applicability of
the technique are limited by the number and type of functions that the specific
force field accounts for. Moreover, MM requires a series of empirical parameters
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(e.g. kij , re,ij , kθ,ijh, θe,ijh, Vijhk) and, despite their high potentiality and
relative low computational cost, most of the force fields lack on appropriate
parameterization for specific systems like metal centers, implying a series of
limitations in bioinorganic application (see section 3.4).

3.2.1 Metals in ForceFields
The unavailable bonded parameters for metals could be, in principle, derived

for the specific system with several methods and tools based on the Seminario
method such as FUERZA, [23] MCPB.py [24] or VFFDT. [25] The Seminario
method allows to parametrize harmonic bond and angle force field parameters
from the QM Hessian matrix of the molecule. The approach consists in computing
the reaction force, δFi, due to a small displacement of an atom j respect to the
atom i δr in a N atom system:

δFi = −[Kij ]δrj (3.45)

where [K] is the 3N × 3N Hessian matrix of the molecule.

The three eigenvalues, λijn of [Kij ] are the force constants along the three
eigenvectors, νijn . The bond force constant kij is obtained projecting the three
eigenvectors on the bond vector, ûij :

kPi =

3∑
n=1

λijn |ûij · ν̂ijn | (3.46)

Throughout similar diagonalization procedures of the Hessian matrix, the
bend kθ,ijh force constants could be obtained:

1

kθ,ijh
=

1

R2
ijkPi

+
1

R2
jhkPh

(3.47)

where Rij and Rjh are the lenght of the two bonds forming the ijh angle,
and kPi, kPh the force constants obtained by the eigenvectors projection onto the
perpendicular of the two bonds ij and jk.

3.2.2 Molecular Docking
Protein-ligand docking methods were designed for fast and accurate prediction

of the binding sites and interaction modes of small organic molecules to proteins.
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Despite their high performances in terms of computational time and wide system
exploration, the method considers the macromolecule as a rigid entity neglecting
potential conformational changes in solution or induced by binding. [26,27]

The binding energy calculation is based on simplified MM force fields (Scoring
Functions, SF) that take into account non-bonded interactions between the ligand
(in docking terminology the small molecule) and the protein host. The docking
problem is limited to find, generally with a Genetic (GA) or a Montecarlo (MC)
algorithm, a series of protein-ligand relative positions (poses) evaluate the energy
of each pose throughout the Scoring Function and order them in score ranking.

Scoring Functions

A SF is generally built as a sum of terms representing different interaction
type: hydrogen bond (Hbond), electrostatic (elec) or van der Waals (vdW). Such
terms could be multiplied by an empirical parameter to fine tune its relative
weight. Additionally terms may also be incorporated such as desolvation (des-
olv), inter-atomic contacts (clashes), ligand torsions (tors), intermolecular ligand
interactions or relative to restraints defined (i.e. covalent bonds, coordination
interactions etc..). The scoring functions implemented on the available docking
software can be grouped in three main categories: force-field-based, empirical,
and knowledge-based. Several high quality reviews about Scoring Functions and
their performances have been published in the recent years. [28, 29]

Force-Field-Based scoring functions are developed on the top of MM force-
fields and, as discussed in the previous paragraph, the different interactions are
modeled as atom pair potentials between the protein and the ligand atoms using
LJ and Coulombic functional forms. The principal limitation of these kind of
SF is that entropic effects, such as the change in energy due to desolvation and
solvation of both protein and ligand molecules, are neglected. The GoldScore
scoring function, described in the following section, is an example of this approach.

Concerning the Empirical SF, the fitness of protein-ligand binding is obtained
by summing a series of contributions representing the energetic factors in protein-
ligand binding. The energetic terms are empirically derived from experimental
protein-ligand binding affinities. The wide used ChemScore [30] is an example of
these kind of SF:

ChemScore = ν0G0 + ν1Ghbond + ν2Gmetal + ν3Glipo + ν4Grot+

+ Pclash + cinternalPinternal
(3.48)

where the ν terms are regression coefficients, G represent the various types of
contributions to binding and P are penalties which evaluate close contacts and
poor internal conformations. Covalent and constraint scores may also be included
(ccovalentPcovalent, Pconstraint).
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Finally the so called knowledge-based scoring functions are built on the Poten-
tial Mean Force (PME) framework. The Protein-ligand affinity (AP−L) is derived
as a sum of distant-dependent intermolecular atomic pair potentials (ωij(r)):

AP−L =

Lig.∑
i

Prot.∑
j

ωij(r)

ωij(r) = −KBT ln [gij(r)] = −KBT ln

[
ρij
ρ∗ij

] (3.49)

where the numerical values ρij/ρ∗ij reflect the statistical probability for a given
pairwise contact. The potentials are derived using a reference set of well charac-
terized protein-ligand complexes e.g. from the Protein Data Bank (PDB). [31]
The limitation of the approach is the amount of data available to describe a
determined interaction. As an example, the Astex Statistical Potentials (ASP)
scoring function is built following this approach.

GoldScore Function

GoldScore was the first SF implemented implemented in GOLD software and,
as reported above, is a force field-based scoring function. [32, 33] The energy
(or Fitness, F ) of a determined pose (set of relative protein-ligand positions) is
evaluated as a sum of of the intra and intermolecular pairwise potentials relative
to vdW, Hbond, and an additional term Stors accounting for the energy change
relative to the intra-molecular conformational changes:

Fitness = α ·Shb_ext +β ·SvdW_ext + γ ·Shb_int + δ · (SvdW_int +Stors) (3.50)

α, β, γ and δ are empirical parameters weighting the relative contribution
of each term. By default their values are 1.375 for α, while 1.000 for β, γ and
δ. If any constraints and/or covalently bound ligands have been specified, the
additional scoring contributions Scon and Scov are added to eq. 3.50.

As a first approximation, the terms related to the interaction between two
atoms has a Lennard-Jones 8-4 potential form:

Si,j =
∑
i,j

(Aij
r8
ij

− Bij
r4
ij

)
(3.51)

If the interatomic distance is equal to the sum of vdW radii of the atom pairs
the potential utilized is a Lennard-Jones 12-6 :
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Ei,j =
∑
i,j

( C
r12
ij

− D

r6
ij

)
=
∑
i,j

( A
r12
ij

− 3

2
· 0.23 · IiIjαiαj

(Ii + Ij)r6
ij

)
(3.52)

where Ix and αx are, respectively, the ionization energy and the polarizability
of the i and j atoms. The terms A, B, C and D are empirical coefficients
present in Gold database. The term Shb is multiplied by a further function
(wt = distance_wt+ angle_wt) that takes into account the bond distance and
bond angle deviations from an ideal interaction, its terms having the form of a
block function:

xwt(x, xdeal, xmax) =


1, if x ≤ xideal
1.0− x− xideal

xmax − xideal
, if xideal ≤ x ≤ xmax

0, if x > xmax

(3.53)

Figure 3.1: Representation of the block function implemented in GOLD

The terms Shb_int and SvdW_int, describing the intra-molecular interactions,
are built as the sum of the pairwise intra-molecular energy obtained for each
conformation:

Eij =
∑
i,j

( C
r12
ij

− D

r6
ij

)
(3.54)

Stors gives the energy related to a given dihedral ω about the i, j, k, l atoms
where n is the periodicity and V the rotational barrier:

Eijkl =
1

2
Vijkl

∑
i,j,k,l

[
1 +

nijkl
| nijkl |

cos(| nijkl | ·ωijkl)
]
(3.55)
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Search Algorithms

A fundamental aspect in docking calculations is the generation of potential
docking solutions (relative protein-ligand positions) that can be performed with
several search algorithms. Among them, the most used are random walk, Monte
Carlo (MC), Simulated Annealing (SA) and Evolutionary Algorithms (EA). The
simplest MC approach consists in a random walk exploration of the relative position
space applying small variation of the ligand degree of freedom (translation, rotation,
angle and dihedral etc...). The energy of the new configuration is compared with
that obtained for the previous one: if results lower, the configuration is accepted,
depending on ∆E:

P (∆E) = e
− ∆E
KBT (3.56)

where KB is the Boltzmann constant and T the simulation temperature.

The new conformation is accepted or rejected depending if the computed prob-
ability is lower or higher than a random generated number. For high temperature,
corresponding to the start of the simulation, mostly of the configurations are
accepted. The simulation follows with a series of cycles with different temperatures
for which several steps are done. The following cycle starts from the lowest energy
configuration and lower temperature determined as:

Ti = gTi−1 (3.57)

where Ti is the temperature of the cycle i, g is a constant ranging from 0 and 1.

Genetic Algorithms (GA) are a particular class of EA that mimics the evolu-
tionary process acting on a set of structures called chromosomes. Due to their
fast convergence to reliable solutions have been increasingly used in docking
simulations. [34] Each chromosome (or individual) is defined by a series of strings
(alleles) encoding the relative protein and the ligand positions, their conformation
and the mapping of the possible interacting groups. The GOLD docking program,
used in this Thesis, is implemented with a fixed population Steady State with
no duplicates GA in which the Fitness, defined a a function of mappings of the
fitting points, dihedral of ligand rotable bonds, ligand ring geometries (by flipping
ring corners) and the dihedral of protein OH and NH3

+ groups, is modified/opti-
mized along the simulation. [30,32,33] Defined an initial random population of N
potential solutions (or individuals), the GA applies two independent crossover
and mutation operators replacing the least x fitnesses members of the original
generations. Both operators are applied on randomly selected individuals in a
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roulette-wheel-selection based on a weights operator that increases the probability
for individuals with highest fitness, introducing an evolutionary pressure. The
crossover operator copies randomly selected strings from the parents combining
them into the children chromosome producing two new individuals. The mutation
operator applies a stochastic mutation to a randomly selected string of an indi-
vidual. The GA automatically terminates following the subsequent application of
y genetic runs.

3.3 GaudiMM Platform
GaudiMM (for Genetic Algorithms with Unrestricted Descriptors for Intuitive

Molecular Modeling) is a modular platform for molecular modeling developed
at the Insilichem group. [35] It combines a Multi-Objective Genetic Algorithm
(MOGA) with diverse molecular descriptors. Its grounds consist in transforming
any molecular descriptor (i.e. those generally used for analysis of data) as a
guiding objective for PES explorations. GaudiMM is built on top of a modular
NSGA-II multi-objective genetic algorithm, [36] that in contrast with the previous
described GA for which the only optimizable variable is the Fitness, it can optimize
all the needed variables (genes) at once, without compromising any of them over
the rest. A MOGA starts with the generation of a random set of individuals.
This initial population is with several objectives and assigned a fitness value in
order to find the best ones, which are then allowed to recombine and mutate. The
results of these variations can be better or worse than their parents, but only the
best of both the offspring and the parental generation (µ+ λ strategy) will be
selected by the algorithm and propagated to the next generation. After a number
of iterations, the initial population will evolve and, eventually, answer with a
number of reasonable solutions to the problem (Figure 3.2). [35]

Each possible solution of the problem is represented by an Individual object.
These objects contain a sorted list of genes and a series of helper methods. A
gene describes a molecular feature, such as the topology of the molecule itself, a
flexibility model (rotamers, torsions, normal modes), or the spatial orientation.

Each objective is a separate module and class, which defines a single method
named evaluate that contains the fitness assessment code. As long as this function
returns a quantity that can be maximized or minimized, it will be a valid objec-
tive. The same approach works equally for energy estimations, structure-focused
optimizations and trivial restraints (distances, angles, dihedrals, surface areas,
volume...). As a result, any geometric or energetic parameters that could describe
a molecular system can be used as objectives to drive the GA exploration.
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Figure 3.2: Flowchart of the modular NSGA-II multi-objective genetic algorithm
implemented in GaudiMM. N is the number of individuals in the initial population
P ; µ and are respectively related to the number of individuals selected for the
next generation and the number of children produced at each generation (offspring
population P0); mut and cx are the probabilities associated to mutation and
crossover. Adapted from ref. [35]

3.4 Molecular Dynamics

Molecular Dynamics (MD) simulate the evolution of an interacting particle
system along the time. The system and its thermodynamical properties can be
treated on one of the thermodynamics ensembles: the microcanonical ensemble
in which an equilibrium system of fixed number of particles, N (or N1, N2, ...Nj
for a composed system) is considered at constant Energy and Volume (E,N, V );
the canonical ensemble, where the total energy can change and the Temperature
is fixed (T,N, V ); the exothermic-isobaric ensemble, in which the Pressure is
constant (T,N, P ); the grancanonical ensemble where the chemistry potential µ is
fixed (µ, T, V ). The most used ensemble in MD simulation is the microcanonical
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defining an isolated system of interacting particles.

The equation of motion of the single particles is, in the most of the techniques,
the classical Newton’s equation of motion that can be expressed for N particles
considering the position and total momentum vectors r(t) = [r1(t), r2(t), ...rN (t)]

and p(t) =
∑N
i pi(t) where:

pi = mi
dri(t)

dt
= mivi (3.58)

The total Hamiltonian of the system results:

Ĥ = T̂ + V̂ =

N∑
i=1

p2
i

2mi
+ V (r) =

1

2
p ·m−1 · p + V (r) (3.59)

From eq. 3.59, the thermodynamics properties of the system can be derived if
it is known its potential energy:

V̂ = V [ri(t)] (3.60)

For the case of microcanonical ensemble Vr can be defined as the the sum of
the potential energy of many body interactions:

Vr =
∑
i

v1 (ri) +
∑
i<j

v2 (ri, rj) +
∑
i<j

v3 (ri, rj , rk) + ... (3.61)

In the wide used MD techniques, the expression of Vr is truncated and the
potential energy computed only considering two body interactions. Since classical
MD is a force field based technique, the different potential used to model intra- and
inter-molecular interactions are the same described in the Molecular Mechanics
section. In this section, only the methods to solve the the equation of motion will
be presented.

3.4.1 Solving the Equations of Motion
The classical Newton’s equations of motion for a given isolated system of N

particles are defined as: [37]

mi
dvi(t)

dt
= Fi[r(t)] = −∇V [r(t)]

dri(t)

dt
= vi(t)

(3.62)
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where Fi(t) is the total force acting on the particle i obtained as the gradient of
the potential V respect to its position ri.

The equation of motion in MD are solved using several numerically algo-
rithms generally based on the finite difference approach that, given the molecular
positions, velocities even other dynamic information at time t, the respective
quantities at time t+δt, are computed with a step-by-step process. Among several
methods available, the most widely is the the Verlet algorithm obtained as sums
or differences of the expansion in Taylor series of the particle coordinates ri(t± δt)
about r(t): [38]

ri(t+ δt) = ri(t) +
dri(t)

dt
δt+

1

2

d2ri(t)

dt2
δt2 +

1

6

d3ri(t)

dt3
δt3 +O(δt4) (3.63)

ri(t− δt) = ri(t)−
dri(t)

dt
δt+

1

2

d2ri(t)

dt2
δt2 − 1

6

d3ri(t)

dt3
δt3 +O(δt4) (3.64)

Considering the differential expression of the vi, ai, and Fi and neglecting
O(δt4), the series results:

ri(t+ δt) = 2ri(t)− ri(t− δt) +
δt2

mi
Fi[r(t)] (3.65)

Following this scheme, the velocities are not needed to compute the trajectories.
However, they are fundamental to compute the kinetic energy and thus the total
energy. The current velocity can be derived as follow:

vi(t) =
dri(t)

dt
=

1

2δt
[ri(t+ δt)− ri(t− δt)] (3.66)

The main disadvantage of the algorithm is the truncation of the Taylor series
at the third order as well as the not explicit consideration of the velocities. A
modification of the original Verlet is the Leapfrog algorithm that considers integer
steps for the coordinates and half steps for velocities: [39]

ri(t+ δt) = ri(t) + vi(t+
δ

2
t)δt (3.67)

vi(t+
δ

2
t) = vi(t−

δ

2
t) +

dvi(t)

dt
δt (3.68)

The algorithm stores for each step the current positions, acceleration and the
mid step velocities v(t− 1/2δt). The current velocity can be obtained as:

vi(t) =
1

2δt
[vi(t+

1

2
δt) + vi(t−

1

2
δt)] (3.69)
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Similar to the leapfrog, the velocity Verlet computes velocity and position
with the same set of variables:

ri(t+ δt) = ri(t) + vi(t)δt+
1

2

dvi(t)

dt
δt2 (3.70)

vi(t+ δt) = vi(t) +
1

2

dvi(t)

dt

dvi(t+ δt)

dt
δt (3.71)

3.4.2 Periodic Boundary Conditions

Dealing with a system in solution such as a solvated molecule in explicit
solvent as well as using a continuum model, the system results surrounded by
a containing wall. The portion of the medium on the surface will be subject to
different forces respect to that in the bulk. The problem can be overcame under
Periodic Boundary Conditions (PBC) for which the system is placed on the center
of a box replicated on the space to form an infinite lattice. During the simulation,
for each molecular motion in the original box corresponds a movement in the
same direction of its periodic image on the neighboring boxes. In this way, at the
same time that a molecule (e.g. a solvent molecule) leaves the central box, other
of its images enter through the opposite face conserving the density of the system.
The PBC framework avoids to define walls and consequently the surface effects
are prevented.
Despite the main advantage of the PBC approach, when using a periodic model
for a real macroscopic system the central problem is the correct representation
of its thermodynamic properties. In fact if the non-bonded potentials used have
longer range than the dimension of the box, the interaction between particles
and its own image can induce a deeply increase of the number of interactions to
compute. To prevent the problem, a wide used solution consists in using cut-off
distances for such intermolecular interactions limiting the separation for rij > rcut.
To reduce the thermodynamic information lost using direct truncation several
methodologies to gradually quench the potential have been proposed, such as
shifted-potentials: [40–42]

vSF (rij) =

v(rij)− vcut −
(
dv(rij)
drij

)
rij=rcut,

if rij ≤ rc

0, if rij > rc
(3.72)

Contextually to cut-offs, long-range corrections can be introduced to partially
recover the thermodynamic information.
Analogous problems derive from the long-range Coulomb interactions for such
problem the Ewald Sum method is used such as in the Particle Mesh Ewald
(PME) method. [43,44]
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3.5 Hybrid Methodologies

A valuable alternative to pure QM or pure MM based approaches is represented
by the so called hybrid methodologies introduced by Honig and Karlplus on
1971, [45] in which part of the system is treated under QM formalism and the
rest at classical MM level (Figure 1.10). [46, 47]
These approaches are useful when, for a determined region, is needed a highly
accurate description or for which no force field parameters exist (e.g., metal centers
in metalloenzymes). In bioinorganics typically the metal ion, the donors of the
first coordination sphere and the neighbor amino acid side chains are restricted
at QM theory level while the rest of the protein, and, if present, the solvent
molecules, are modeled with a force field approach. The hybrid approximation
has applicability in the field of statical calculations (QM/MM), used in this thesis
work and described in the following paragraphs, as well as for dynamic calculations
(QM/MM/MD) described in refs. [46, 48–50].

3.5.1 QM/MM Simulations

The hybrid QM/MM approach, implemented for the first time by Warshel,
Levitt [51] and Singh and Kollman, [52] is based on the concept that a chemical
system can be partitioned in one region, for which the fine electronic effects are
necessary, and a second one that is treated at classical MM level acting as a
perturbation. In the simplest case the forces of the classical perturbation exert
mechanical constraints on the geometry of the QM region but their effects can be
also electrostatic or polarization.

The central problem of the QM/MM approximation is the treatment of the
interface between the two regions. Two main approaches are possible, those based
on link atoms, in which additional centers are added only on the QM part, or
those based on a boundary region in which the additional centers are described at
both levels of theory. Finally the last aspect to take into account for continuum
systems such as solutes in explicit solvent are the MM boundary conditions that
define the energy due to the geometrical constraint imposed to retain the global
structure. The total energy of the system result:

Etot = EQM + EMM + EQM/MM + Eboundary (additive scheme) (3.73)

EQM and EMM are the energies of the QM and MM parts computed as
isolated systems. EQM/MM is the interaction energy between the two regions
and depends on how the interface is defined. It includes all the coupling terms
between the two regions and takes into account the vdW interactions and all the
modifications of the QM Hamiltonian that exert modifications on the MM part.
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Finally Eboundary is the energetic term describing all the constraints defined for
the external MM region such as fixed coordinates of selected atoms or periodic
boundary conditions.

QM/MM Interface For the non-bonded vdW interactions at the QM/MM
interface the same formalism described for the MM methods is used while for
electrostatic interactions several models are possible. [53] On the Mechanical
Embedding framework the electronic effects are neglected and the electrostatic
interactions are computed only at the MM level using a classical model to describe
the QM electrostatic potential. The Electronic Embedding in based on including
the charge distribution of the MM region as an additional term in the QM
Hamiltonian as one-electron operator:

ĥ
QM/MM

i = ĥQMi −
M∑
J

e2QJ
4πε0|ri −RJ |

(3.74)

where ri and Rj are the position of the electron i and the MM atom J , ĥQMi the
standard one-electron operator and M the number of MM atoms with partial
charge QJ .

The Polarizable Embedding also includes the MM polarization due to the QM
electrostatic potential. This implies the use of polarizable MM force fields.

Concerning the bonded interaction, in the QM/MM partition, the valence
and geometry of both regions must be retained, although for the MM part the
simple parametrization represents a valid solution, for the QM part particularly
terminations must be included. On the Molecular Orbital general schemes [54]
localized orbitals are introduced to complete the QM valence and, depending on
the approximation, could be placed at the QM (Localized Self-Consistent Field,
LSCF) [55] or MM (Hybrid Orbital Approach, GHO) [56] atom. Despite these
kind of approaches result an elegant solution, the most used approximation is the
simple link-atom scheme which completes the QM valence adding additional atoms
defining virtual covalent bonds in the QM region with the aim to approximate
the real bond with the MM region. Among the several possibilities to define a
link atom or a link functional group, the most employed solution is the hydrogen
atom placed along the QM/MM broken bond.
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ONIOM Scheme

An alternative to the additive scheme to compute the QM/MM total energy
presented in 3.73 is the subtractive model used on the original IMOMM ntegrated
Molecular Orbital (MO) + Molecular Mechanic from Morokuma and Maseras, [57]
and its evolution ONIOM Our own N-layered Integrated molecular Orbital and
molecular Mechanics by Morokuma et al. implemented in Gaussian software. [58]
In ONIOM, the total energy of the whole real system is evaluated as the QM
energy of the model system EQM,model plus the MM energy of the real system
EQM,model subtracting the MM energy of the model system EQM,model:

Etot,ONIOM = EQM,model + EMM,real − EMM,model (3.75)

In contrast with the additive scheme, a MM evaluation of the model system is
required, due to cancellation of the EMM,model, only non-bonded and QM/MM
boundary parameters are required for its evaluation. Moreover, the scheme
presents the main advantage to removes the coupling Hamiltonian EQM/MM

avoiding under- or over-counts the QM/MM interactions. [47]

Concerning the Molecular Mechanics energy evaluation, in the Gaussian pack-
age are implemented the only UFF, DREIDING and AMBER force fields. Recently
our group presented the GARLEEK interface (Garleek is Automated Resources
for Layered Energies using External Keyword) [59] which, taking advantage of the
external feature in the Gaussian software, [60] can call an external program, in our
implementation the Tinker software, to perform the MM evaluation of the system
leaving the complete control of calculation flow to the Gaussian code. GARLEEK
expands the application of ONIOM method, allowing the combination of the
Gaussian optimization engine with all the force fields implemented in Tinker. [61]

3.6 EPR spectroscopy

3.6.1 Theory

Electron Paramagnetic Resonance (EPR) is the most important instrumental
technique to deal with species with unpaired electrons (organic radicals or tran-
sition metal complexes). The electron has an intrinsic spin angular momentum
of h[S(S + 1)]1/2 (spin quantum number S = 1/2) with components along a de-
termined direction restricted to the values MS~, with MS = 1/2,−1/2. The spin
states |α〉 and |β〉 of the electrons are described by the eigenfunctions |S,MS〉 of
the operators Ŝ2 and Ŝz:
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Ŝ2 |α〉 = ~2S(S + 1) |α〉
Ŝ2 |β〉 = ~2S(S + 1) |β〉

(3.76)

Ŝz |α〉 = 1/2~ |α〉
Ŝz |β〉 = 1/2~ |β〉

(3.77)

For unpaired electrons, the magnetic moment 3.78 associated with their spin
angular momentum gives rise to a paramagnetic system.

µ = −ge
e

2mec
S = −geβeS

(
Sz
~

)
(3.78)

where ge = 2.0023 is the dimensionless g-factor of the free electron and βe = e~
2mec

is the Bohr magneton (9.27× 10−28J/G for the electron).

In absence of any magnetic field, the magnetic moments associated with the
electron spins, are randomly oriented, and the two energy levels associated to α
and β states are degenerate. The application of an external magnetic field B0

results in an alignment of the magnetic moments associated with the α and β
states with respect to the external field vector. Since the parallel orientation is
more stable than the anti-parallel one, there is a splitting of the two levels and
their energy can be derived by the spin Hamiltonian operator ĤS :

ĤS = −µB0 = geβB0Ŝ = geβ
(
B0,xŜx +B0,yŜy +B0,zŜz

)
(3.79)

If B0 is oriented along the z axis (B0,z = B0) the expressions for ĤS and E
are:

ĤS = geβB0Ŝz (3.80)

E = geβB0MS (3.81)

The splitting between the α (MS = 1/2) and β (MS = −1/2) energy states is
called Zeeman effect and is proportional to the magnitude of B0 (eq. 3.81), as
illustrated in Figure 3.3.
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Figure 3.3: Figure of the Zeeman effect in the EPR experiment

The transition between the two levels can be induced by an electromagnetic
field of appropriate frequency ν, such as the photon energy hν matches ∆E:

∆E(MS = 1/2)− E(MS = −1/2) = gβeB0,r = hν (3.82)

From equation 3.82, for a given intensity of the magnetic field B0,r, the
resonance condition depends only on the g factor of the specific system that can
diverge from ge according to the chemical environment.

The EPR concept consists in retaining constant one variable (B0,r or hν in
equation 3.82) modulating the other, up to induce the spin transition determining
the energy gap ∆E and the g factor of the system. Since for experimental
reasons results difficult to achieve high sensitivity in microwave modulation, their
frequency is usually held constant and the magnetic field is swept linearly. In the
most common EPR techniques the microwave value is set around to 9.15 GHz (X
band) or 35 GHz (Q band). The spectrum is recorded as first derivative of the
absorption as a function of B0.

3.6.2 EPR spectroscopy of VIV compounds
In most cases, the EPR spectra are complicated by additional magnetic and

electric fields exerted by the environment of the electron as in the case of Transition
Metals with more than one unpaired electron or in presence of paramagnetic
nuclei. The interaction of the unpaired electron with the environment magnetic
fields can be described by an additional term to the spin Hamiltonian and leads
to further splittings of the energy levels as in the case of vanadium(IV) complexes
(3d1 electronic configuration and 99.8% of the 51V isotope). [62, 63]
Considering a small complex in solution at room temperature, their tumbling
time is in general smaller than the EPR resolution time (∼ 50ns) resulting in a
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isotropic orientation distribution of the principal axes respect to the magnetic
field vector. The Hamiltonian for a generic VIVO2+ complex in these conditions
results: [64]

ĤS = gisoβB0Ŝz + hAisoŜz Îz (3.83)

where giso is the isotropic g-factor of the complex, and Aiso its isotropic hyperfine
splitting constant between the spin angular momentum of the electron and that
of the vanadium nucleus (51V). Îz is the angular nuclear spin momentum operator.

To each eigenvalues MI of the Îz operator it corresponds an eigenstate,
|MS ,MI〉, with energy: [64]

E = gisoβB0MS + hAisoMSMI (3.84)

The term gisoβB0MS separates the energy of the electron spin states α and β
while the hAisoMSMI separates the energy of the components of the nuclear spin
angular momentum respect to the z axis (hyperfine splitting). Since a nucleus
with I spin angular momentum has (2I + 1) components along the z axis, with
MI values −I,−I + 1, ..., I − 1, I, the resonance condition (corresponding to the
selection rule ∆MS = +1) is satisfied for (2I + 1) values. Natural vanadium
contains 99.8% of the 51V isotope with I = 7/2; therefore for a VIVO2+ species
there are (2I + 1) = 8 values of the external magnetic field which satisfy the
resonance condition. In a room temperature spectrum of a VIVO2+ complex,
8 transitions with the same intensity are observed, separated by the hyperfine
coupling constant Aiso. The center of the spectrum corresponds to the g-factor
of the examined species (Figure 3.4) and, as discussed above, depends on the
chemical environment and on the electronic configuration of the metal ion.

For a solid complex or a species in a frozen solution, characterized by a defined
orientation, the g and A values depend on the principal axes orientation and
follow the relationships: [64, 65]

gz < gy ' gx < ge

|Az| < |Ay| ' |Ax| > 0

This is the case of a rhombic symmetry, that is when the x and y axes
are not equivalent. The EPR spectra of a frozen solution will consist of eight
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Figure 3.4: Room temperature EPR spectrum of a VIVO2+ complex. The positions
of the 8 transitions corresponding to the Aiso value and the position of giso are
indicated.

equidistant lines separated by Az and centered around gz, 8 equidistant lines
separated by Ax and centered around gx, and 8 equidistant lines separated by
Ay and centred around gy (Figure 3.5). For a tetragonal VIVO2+ complex, e.g.
[VO(H2O)5]2+, x and y axes are coincident and two g and two A values will be
measured (g‖ < g < ge, A‖ > A⊥ > 0).

Penta-coordinated VIVO2+ complexes with bidentate ligands, including those
which have ligands with two completely equivalent donor groups like acetylace-
tonate, can show a significant x, y anisotropy in the EPR spectra recorded in
frozen solutions. It was noticed that the rhombicity of the spectrum decreases
from penta-coordinated to hexa-coordinated cis-octahedral species. A parameter
that can be used to define the x, y anisotropy is |Ax −Ay| = ∆Ax,y, that follows
the order: [66–68] ∆Ax,y (penta-coordinated) > ∆Ax,y (cis-octahedral). [67] For
a cis-octhaedral species the value of ∆Ax,y could be very small when the EPR
spectrum is recorded in the X band; in this case, since Ax and Ay are almost
equivalent, the resulting spectrum is comparable with a tetragonal system. The
x, y anisotropy could be better appreciated in the Q band.

Non-oxido VIV complexes display distinctive spectroscopic features which are
discussed in detail in ref. [69].

Concerning the dimeric (VIVO)2 species, the two centers are subject to an
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Figure 3.5: Frozen solution EPR spectrum of a VIVO2+ complex. The positions
of the 8 transitions corresponding to the Ax, Ay and Az values and the position
of gx, gy and gz are indicated

additional mutual magnetic interaction which Hamiltonian can be derived by
the linear combination of the spin operator Ŝ of the two electrons multiplied by
the exchange coupling constant J : Ĥ = −JŜj · Ŝi. For paramagnetic adjacent
centers with S = 1/2, the coupling can be diamagnetic for spin state S = 0
(singlet) or paramagnetic for S = 1 (triplet) with energy difference of 2J . Thus, if
the J value is positive, the triplet state is favored and the resulting interaction
is ferromagnetic and an EPR spectrum can be detected. [70] For small energy
separations, according to the Boltzmann distribution, the state with higher energy
becomes populated for the temperature effect.
The EPR spectra of a triplet system can be interpreted adding the term ŜDŜ to
the Hamiltonian presented in eq. 3.80, describing the magnetic moments of the
single electron interaction with the surrounding electrons:

ĤS = gisoB0Ŝ + ŜDŜ (3.85)

For a tetragonal system, even in absence of an external magnetic field, the
levels MS = ±1 are degenerate and separated from MS = 0 by D (zero-field
splitting). The degeneracy MS = ±1 is removed in an external field and their
energy difference is dependent on the intensity of B0 allowing for the EPR
transitions within each pair of levels:
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∆E = D + gzB0,z = hν (3.86)

The resulting EPR spectrum is influenced by the D value. In particular for
D > 0, the spectrum consists of two transitions resonating at values of magnetic
fields which differs of 2D/g. The anisotropic EPR spectrum for the transition
MS = ±1 consists of four bands centered around ge, whose separation depends on
the molecular interactions (Figure 3.6). The external lines, corresponding to the
V=O orientation parallel to the magnetic field direction are separated by 2|D|,
whereas the internal lines corresponding to the perpendicular orientation (⊥) are
separated by |D|, where |D| = D/g is the zero-field splitting expressed in magnetic
field units. For a VIV complex each band is splitted in (2nI + 1) = 15 lines, where
n is the number of interacting ions, due to the hyperfine coupling of the unpaired
electrons with the vanadium nuclei (n = 2 for a dinuclear species).

Figure 3.6: (a) Curve of partial (dotted line) and total (solid line) absorption
(∆MS = 1) for a S = 1 system with tetragonal symmetry. (b) First derivative of
the total absorption.

Moreover, two sets of 15 lines, partially overlapping, are observed in the
forbidden ∆MS = ±2 region, with the magnitude of the coupling constant nearly
half of that expected for A‖ in the monomeric species with the same equatorial
donors.
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3.6.3 Prediction of EPR Parameters

The first attempt to predict EPR parameters of VIVO2+ compounds is the
additivity relationship introduced by Wutrich and Chasteen that correlates the
hyperfine coupling constant to the number and types of ligands in the equatorial
plane of VIVO2+. The Aiso or Az values can be estimated as a sum of the
empirically derived contribution of each equatorial donor: [71, 72]

Aiso,z =

4∑
i=1

Adonor,iiso,z (3.87)

The contribution to Aiso or Az is approximately inverse to the electron donor
capacity of the ligand. Experimental Az or Aiso fall in the range of ∼ 3×10−4cm−1

with respect to the value expected on the basis of the additivity rule. [72, 73]
In Literature are reported the contributions of donors belonging to the amino,
alkoxide, phenolate, aliphatic and aromatic thiolate, hydroxydo Cl− and SCN−
ions, CO and COO− groups, imidazole, imine and amide nitrogen. [74–79] However,
in most of the cases the empirical relationship is not trivial (for example, when
more than one donor set is compatible with the experimental values or with
distorted geometries or different ligand orientation respect to the V=O axes where
the contribution of the donors to Az differs from the tabulated values) and more
sophisticated methods are required to determine the identity of the analyzed
complex.

The EPR parameters can be calculated at DFT level of theory, starting from
the optimized structure. Recent advances in computational chemistry have led to
the development of several methods based on DFT for the calculation of g and
A tensors. [80] In particular, many studies have been devoted to the prediction
of hyperfine coupling constants of VIVO complexes. [81–84] The 51V hyperfine
coupling tensor A has three main contributions: the isotropic Fermi contact AFC ,
the anisotropic or dipolar hyperfine interaction AD, and one second-order term
that arises from spin-orbit (SO) coupling ASO [69, 85]:

A = AFC1 + AD + ASO (3.88)

where 1 is the unit tensor, AFC the tensors AD and ASO components ADµν
and ASOµν are given by the following equations:

AFC =
4π

3
gegNβeβN 〈SZ〉−1ρα−βN (3.89)
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ADµν =
1

2
gegNβeβN 〈SZ〉−1

∑
k,l

Pα−βk,l 〈Φk|
r2δµν − 3rµrν

r5
|Φl〉 (3.90)

ASOµν = − 1

2S
gegNβeβN

∑
k,l

∂Pα−βk,l

∂Iµ
〈Φk|hSOCν |Φl〉 (3.91)

gN , ge represent the free electron and the nucleus g factors, βN and βe are the
electron and nucleus magnetons, 〈SZ〉 is the expectation value of the electronic
spin on the z-axes, Pα−βk,l is the matrix of nucleus spin density, r the unpaired
electron-nucleus distance, and hSOCν represents the spatial part of the one electron
SO operator. [85]

The AD tensor is always traceless: ADx , ADy and ADz , represent the elements
of the diagonalized tensor and their sum being zero:

ADx +ADy +ADz = 0 (3.92)

The value of the 51V hyperfine constant along x, y and z axes is given by the
following equations:

Ax = AFC +ADx +ASOx (3.93)

Ay = AFC +ADy +ASOy (3.94)

Az = AFC +ADz +ASOz (3.95)

The computed Az value (Acalcdz ) can be compared with the experimental one
(Aexptlz ) and with those computed by the additivity relationship (Aexpctz , eq. 3.87).

The Aiso value can be obtained by the following relation:

Aiso =
1

3
(Ax +Ay +Az) = AFC +

1

3
(ASOx +ASOy +ASOz ) =

= AFC +APC
(3.96)

where 1
3 (Ax +Ay +Az) is the pseudo-contact term. [85]
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On the ORCA software framework, Aiso is obtained in this way. On the
other hand, Gaussian software neglects the ASOµν termini and, therefore, Aiso is
coincident with AFC :

Aiso =
1

3
(Ax +Ay +Az) = AFC (3.97)

Since the contributions AD,exptlz and ASO,exptlz can not be isolated from the
experimental values, the anisotropic contribution to A along the z axes can be
expressed as follows:

Az,aniso = Az −Aiso = ADz +ASOz − 1

3
(ASOx +ASOy +ASOz ) =

= ADz +ASOz −APC
(3.98)

The Aexptlz,aniso values can be directly compared with those obtained with the
additivity relationship or computed at DFT theory level.

With Gaussian software, that neglects the SO contribution, ASOx = ASOy =

ASO = 0, Az,aniso results:

Az,aniso = Az −Aiso = ADz (3.99)

3.7 Nomenclature
To distinguish the variety of structures considered in the DFT calculations,

the IUPAC recommendations for the nomenclature of coordination compounds
were taken into account. According to IUPAC, the configuration index of square
pyramidal (SPY -5) and octahedral (OC -6) complexes consists of two digits. For
SPY -5 the first digit is the priority number of the donor on the C4 symmetry
axis of the idealized pyramid and the second digit is the priority number of the
donor trans to that with the lowest priority number in the plane perpendicular
to the C4 axis (if there is more than one of the highest priority ligand in the
plane, the priority number of the trans ligand having the largest numerical value
is selected). For OC -6 the first digit is the priority number of the ligating atom
trans to the ligating atom of priority number 1, and the second digit of the
configuration index is the priority number of the ligating atom trans to the most
preferred ligand in the plane that is perpendicular to the reference axis. The
procedure for assigning priority numbers to the donor atoms is based upon the
standard sequence rules developed for chiral carbon compounds by Cahn, Ingold
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and Prelog (CIP rules). [86] The presence of polydentate ligands may require the
use of primes on some of the numbers in the configuration index. The primes are
used to indicate either the donor atoms that are not part of the same polydentate
ligand as those that have unprimed priority numbers, or those belong to different
parts of a polydentate ligand that are related by symmetry. A primed priority
number means that donor atom has lower priority than the same kind of donor
atom without a prime on the priority number.
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Chapter 4
Methodological Results

In this chapter, new approaches to accurately predict the interaction with
proteins of coordination complexes with bioinorganic relevance (i.e. metallodrugs
but also physiologically occurring metal species), using protein-ligand docking
are presented. The first part of the work aims at a very general framework
valid for most of nowadays protein-ligand docking programs although our proof
of concept has been done with the commercially available software GOLD. The
second one presents an implementation of the Insilichem modeling suite GaudiMM
of chemical rules for metal coordination geometry prediction.

4.1 Improving GOLD for Coordination Docking

The main problem in docking involving metalloligand is the absence of clear
parameters to account for the metal ions. To extend the docking software GOLD
to predict the binding of a metal complex to a protein, it was assumed that, from
a pure computational point of view, hydrogen bond functions could be related to
coordination bonds. The hard work consists in generating the convenient atom
types and scoring functions to adapt this idea to docking software without using
any geometrical constraint or energy restraint. To test this approach, the model
has been applied to a set of 39 high-quality X-ray structures with transition
and main group metal complexes bound to proteins with a unique coordination
bond. The results show an excellent agreement between the predicted and the
crystallographic structures, indicating that the method could be used as a new tool
to predict metal complexes-proteins interactions also when the X-ray structure is
not available. [1]
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A second step along the way was to generalize the framework for the binding
of metalloligands with more than one vacant site. The benchmark was aug-
mented to 64 structures formed by main group- and transition metal-containing
ligands with various coordination numbers (4-6), geometries (square-planar, tetra-
hedral, trigonal bipyramidal, square-pyramidal, and octahedral), and accessible
coordination sites. Again the results were particularly promising. We also
applied the methodology to five case studies involving the binding of phar-
macologically active metal species to proteins: (i) the anticancer copper(II)
complex [CuII(Br)(2-hydroxy−1-naphthaldehydebenzoylhydrazine)(indazole)] to
human serum albumin (HSA); (ii) one of the active species of antidiabetic and
antitumor vanadium compounds, VIVO2+ ion, to carboxypeptidase; (iii) the
antiarthritic species [AuI(PEt3)]

+ to HSA; (iv) the antitumor oxaliplatin to ubiq-
uitin; (v) the antitumor ruthenium(II) compound RAPTA-PentaOH to cathepsin
B. [2]

4.2 GaudiMM Objective for Metal Ions Binding
Site Prediction

In the former part on this line of studies, directionality of the coordination
bonds were introduced in dockings. However, this approach is still quite limiting
and does not account for specific coordination functions. With the aim to generalize
the range of applicability of metal binding site prediction, a new objective of
has been implemented on our multipurpose molecular modeling suite, GaudiMM.
The benchmark of the approach was performed on the prediction of the bare
metal ion binding sites in proteins. Unlike the previous discussed extension for
the protein-ligand software GOLD, the new molecular descriptor (or objective)
reproduces coordination geometries of metal ions that can bind the protein with
any number of coordination vacancies. Moreover, this objective does not rely
on structural templates or bond strength parametrization extracted from large
protein data sets, but on pure coordination rules (mainly geometrical) that are
structure agnostic. The whole process is based on finding poses that satisfy
metal-derived geometrical rules without needing sequence or fine electronic inputs
(e.g. from quantum mechanical calculations). The approach was benchmarked
on 105 X-ray structures and for all of them the correct binding location in the
biological scaffold was found. [3]

This work clearly shows how explicitly considering the geometric particularities
of the first coordination sphere of the metal in a docking process provides excellent
results and could be a step forward in metal related biomedical and biotechnological
fields.
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Chapter 5
Application of the Methods

In this chapter the applications and the extension of the developed methodology
in the field of metallodrug and artificial metalloenzyme design are discussed. The
interaction with proteins in vivo plays a key role in metallodrug bioactivity,
because it can influence their transport in the bloodstream, the cell uptake, and
finally their mechanism of action.

Concerning metalloenzyems, the interaction of the cofactor with its host, and
the identification of catalytically active protein-cofactor geometries is a crucial
aspect.

Therefore, the knowledge of metal interactions with bioligands is fundamental
to understand metallodrugs or metalloenzyme mode of action as well as to design
novel compounds or new artificial metal-based enzymes.

5.1 Vanadium Metallodrugs

In general, two types of binding are expected in a (metal complex)-protein
system. (i) A covalent or cooordination binding, when the protein replaces with
one or more side chain residues the organic ligand L or a weak ligand such as water
from metal first coordination sphere; for example, species with composition cis-
VOL2−(Protein) are formed from cis-VOL2−(H2O) after the replacement of the
equatorial water molecule by a His-N or Asp/Glu-COO donor. (ii) A noncovalent
binding, when the complex VOL2 interacts through secondary interactions, such
as van der Waals and hydrogen contacts, with the accessible groups on the protein
surface.

Concerning the first case, most theoretical approaches struggle to get a hand
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on though those discussed in the previous chapter open new avenues. They have
been here applied to the study of the interaction of two potential VIVOL2 drugs
with anti-diabetic activity with lysozyme, a wide used model protein, for which
EPR spectroscopy provides partial data. The results demonstrate that integrating
EPR with blind protein-ligand dockings allows to predict the binding site and
also the enantiomeric preference of VIV species. [1]

In a second showcase, a combination of EPR and docking techniques was
applied to study the noncovalent interaction between square pyramidal VOL2
complexes and lysozyme. EPR spectroscopy is a good indicator of the strength of
such an interaction because at room temperature a rigid limit spectrum is expected
when the noncovalent binding is strong enough to block the metal species on the
protein surface and a slow tumbling or an isotropic spectrum when the binding is
weak and the complexes are free to rotate in solution. Docking methods, after an
accurate parametrization, provide valuable insights into the possible binding sites
of V species to the protein surface. Comparing the computational and EPR data
was found a good indicator to measure the strength of this interaction allowing to
mark the transition from a rigid limit (strong interaction) to a slow tumbling or
an isotropic (weak or no interaction). The reliability of the computational results
was further evaluated through QM/MM refinement. [2]

The results show that convenient updates of protein-ligand docking programs
allow to satisfactorily reproduce X-ray structures of metal complexes that interact
with throughout direct coordination bond(s) to proteins and predict with blind
procedures relevant low energy modes of binding. They also demonstrate that the
combination of the docking methods with spectroscopic data (EPR spectroscopy,
in this study) could represent the interactions of metal containing ligands with
proteins and could have a general applicability in this field including for paramag-
netic species. We believe that this studies fills an important gap in the possibility
to develop metallodrugs by incorporating molecular modeling into the toolkit of
designers and so expand methodological practice common in the organic drug
design community to those fields where transition metals are used as a pillar for
developing therapeutic agents.

5.1.1 Interaction with biomolecular carriers

The pharmacological effect of vanadium metallodrugs is highly related to
the interaction with bioligands, i.e. the transport in bloodstream by human
serum transferrin, the reduction of VV to VIVO species in the cytosol, where
they bind to hemoglobin, and the inhibition of phosphatase by H2V

VO –
4 is the

basis of the V antidiabetic activity, while the binding of VIV or VV species to
holo or apo-transferrin could promote their cellular uptake. Unfortunately, the
lack of three-dimensional knowledge of these adducts with proteins limits the
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development of new active molecules. Thus, the study of these systems appears to
be fundamental to increase the knowledge of the type of interaction, the number
of the species interacting, and the region of the proteins where the binding occurs.

Dealing with VIV compounds, EPR gives insights into the nature of the equa-
torial donors of VIVO2+ complexes. ESI (electrospray ionization) and MALDI
(matrix-assisted laser desorption/ionization) represent the most powerful mass
spectrometries (MS) to explore metallodrug-protein interactions. They give infor-
mation on the number and stoichiometry of the metal-protein adducts formed, and
ESI-MS in particular has been used to study the reactivity of several metallodrugs.
Since EPR and ESI-MS do not allow identifying the exact region of the protein
where the metal is bound, the information provided by these techniques can be
completed by computational methods and, in particular, docking calculations.

In the following sections an integrated EPR/ESI-MS/Computational strategy is
applied to: i) decipher the interaction of VIVO2+ ion and several VIVO potential
metallodrugs with myoglobin, [3] and ii) the interaction with ubiquitin and
lysozyme of two VIVO quinolone compounds, with different size and net charge
evaluating the effect of these variables on the binding capabilities. The stabilization
of the secondary hydrogen bonds and van der Waals contacts on the stability of
the adducts formed was also evaluated. [4]

The results, providing new information on the binding of potential vanadium
drugs, could pave the way for a rational design of new pharmacologically active
compounds and highlight a series of features that must be tuned to optimize the
interaction strength of V species with the target protein(s).

5.2 Key Factor of a Diel-Alderase αRep protein

The developed computational technique has been also applied in the field of
artificial metallenzymes design, in particular to a specific homodimer variant,
A3, of the αRep family of artificial repeat proteins. 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’). A single
mutation ensures the covalent coupling of a 1:1 Cu(II)-phenanthroline or Cu(II)-
terpyridine complex as a catalytic center within the interdomain cavity able to
accommodate two substrates of the Diels-Alder reaction. Four variants of the
artificial Diels-Alderases, have been synthesized coupling both co-factors to two
different mutated amino acids, and their activity rationalized by means of our
integrated instrumental/computational strategy suggesting the key factors of the
selectivity. These results open the way to a rational catalyst optimization and may
constitute valuable tools for a more efficient and selective artificial biocatalysis. [5]
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5.3 Oxaliplatin Interaction with Insulin
The search for anticancer platinum compounds to replace cisplatin, which has

several side effects, has brought to the second generation Pt drugs with lower
toxicity. Among others, these compounds include carboplatin and oxaliplatin.
Oxaliplatin is a metallodrug especially effective against metastatic colorectal cancer
and is much less nephro- and ototoxic than cisplatin. In addition, oxaliplatin
can be used to treat cisplatin-resistant tumors. Oxaliplatinum contains the
labile dianionic oxalate ligand and in the blood gives [Pt(dach)]+, with two free
coordination positions, that can be attacked by the serum bioligands, among
which proteins. This phenomenon has been pointed out to be responsible of
off-target interactions that have major therapeutic consequences including side
effects, loss of bioavailability and emergence of resistance.

Insulin is one of the prototypical target Pt-based drugs since it is involved in
bioavailability reduction and might also determine resistance in certain cancer
lines.

In the following sections the interaction of oxaliplatin with insulin was examined
through an integrated multilevel computational strategy to provide structural
insights into this system. To do so, the initial structures are predicted by blind
protein–metalloligand docking calculations optimized to account for a metal-
containing species, and then refined using a Molecular Dynamics (MD) and
Quantum Mechanics/Molecular Mechanics (QM/MM) integrated protocol.

The results provide new information like conformational changes occurring
upon binding and potential effects on the biological functions of the protein. The
proposed multiscale approach for predicting the binding of metallodrugs to protein
hosts, its implications in conformational changes of bioligands and the potential
effects on their biological functions, open a new avenue towards applying similar
strategies to a wide ensemble of metallodrug–protein/peptide systems for which
no structural data are available. [6]
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Chapter 6
Conclusions

This Ph.D. aimed at expanding molecular modeling applicabilities in the chal-
lenging field of the prediction of the interaction of inorganic and organometallic
compounds with proteins. Such objective has been reached throughout a series
of computational developments and studies of applicative cases. Altogether, it
provides with major proof-of-concept clear evidence on the power of computation
in this particular bioinorganic area.

Computational efforts have been primarily given to the expansion of protein-
ligand dockings towards the inorganic world. Two different pieces of software were
appended with capabilities for dealing with metalloligands.

One is the commercial software GOLD, one of the most cited program in the
chemical biology community. After generated new scoring functions optimized for
metal ions and metalloligand, the approach was benchmarked over 64 structures
formed by main group- and transition metal-containing ligands with various coor-
dination numbers, geometries, and accessible coordination sites. The agreement
between computed and experimental structures was astonishingly good. Since
the basis of the scoring function is to adapt hydrogen bond terms to simulate
coordination bonds, this approach is virtually adaptable to almost all docking
programs. [1, 2]

To better account for real coordination rules in docking procedure, a new
objective has been implemented in our molecular modeling suite, GaudiMM. This
molecular descriptor explicitly accounts for the geometrical rules of the metals in
determining where inorganic moieties could interact with proteins. Its accuracy
has been benchmarked on the prediction of the bare metal ion binding sites in
proteins, blindly reproducing a dataset of 105 X-ray structures, and obtaining for
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all the entries the correct binding location in the biological scaffold. [3]
All these software developments clearly demonstrate that convenient updates in
docking methodologies can arm them with high predictivenss for metalloligand-
protein interactions and could have a general applicability in metal mediated
biomedical and biotechnological fields.

In the following part of the study, the capabilities of metal friendly docking
methods have been applied to a series of systems. A first focus was given
on bridging computation with Electron Paramagnetic Resonance spectroscopy
(EPR) [4, 5] and Electro Spray Ionization Mass Spectrometry (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 informations about the nature of the
equatorial donors of the complexes, while ESI-MS on the number and stoichiometry
of the metal-protein adducts formed. [6] The combined computational-experimental
methodology has been applied to the prediction of covalent and non-covalent
binding modes of potential VIV antidiabetic drugs with lysozyme, myoglobin,
ubiquitin, human serum transferrin and albumin. [6–10] The relevance of the
results obtained by this mixture between experimental and theoretical information
clearly open the way to a rational design of new vanadium based pharmacologically
active compounds but also how to guide a vast number of fields in bioinorganic
chemistry.

This is actually what is shown in the work performed on artificial metal-
loenzymes presented in this work. One key element in the efficient construct of
Artificial metalloenzymes is a proper interaction between an coordination com-
pounds (the artificial cofactor) and the protein host. The strategies developed in
this Ph.D. were therefore applied on such kind of systems. [11,12] In particular,
it has applied to study a single chain bidomain αRep metalloenzymes, A3-A3’,
covalent coupled with 1:1 Cu(II)-phenanthroline or Cu(II)-terpyridine complex as
a catalytic center with DielsAlderases activity. The catalysis promoted by four
different variants has been rationalized by means of our integrated instrumen-
tal/computational strategy unveiling the key factors of its selectivity. [13] The
results offer the opportunity to rational optimize the catalyst and may constitute
valuable information to design metalloenzyme based on the same αRep library
with new catalytic activity. [13]

In the final part of the thesis, focus is given in overcoming the limitation
of docking simulations when it comes to simulate the dynamical nature of the
proteins. When ligand binding has impact on the dynamical behavior of the
host, docking experiments tend to be far too limited. In those cases in which
the coordination sphere of the metal could eventually adapt during the binding
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process, multilevel approaches, combining Molecular Mechanics based strategies
such as protein-ligand docking or classical Molecular Dynamics with pure QM and
QM/MM approaches, provides with an efficient framework to better understand
the binding mechanism. The same strategy can be applied to investigate the
response of a protein to the interaction with a metal as demonstrated for the
binding of cisplatin with insulin. [14] The results provide with new information
like conformational changes occurring upon binding and their potential effects on
the biological functions of the protein.
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